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ABSTRACT 
________________________________________________________________ 
 
Water is an important resource. It is used for domestic, industrial, agricultural and 
recreational purposes. The quality of water is, however, significantly deteriorating 
due to the accumulation of organic species in aqueous system. Domestic, 
industrial and commercial activities comprise the biggest source of organic 
pollutants in municipal water. The increase of water pollution by these organics 
has led to the development of several water purification measures. Among 
others, water treatment technologies that are in place consist of ion exchange, 
activated carbon adsorption, reverse osmosis, molecular sieves and zeolites. 
However, none of these techniques have been reported to remove organic 
pollutants to parts-per-billion (ppb) or microgram-per-litre (µg/L) levels. Recently, 
it has been reported that cyclodextrin nanoporous polymers are capable of 
absorbing these pollutants from water to such desirable levels. 
 
Cyclodextrins (CDs), basically starch derivatives, are cyclic oligomers consisting 
of glucopyranosyl units linked together through α-1,4-glycosidic linkages. They 
behave as molecular hosts capable of interacting with a range of guest 
molecules in a noncovalent manner within their cylindrical hydrophobic cavities. 
These interactions are a basis for the inclusion of various organic species. 
However, the high solubility of cyclodextrins in aqueous medium limits their 
application in the removal of organic pollutants from water. To make them 
insoluble, they are converted into highly cross-linked polymers. This is achieved 
by polymerizing the cyclodextrins with suitable difunctional linkers. 
 
 xv
In this project, a wide variety of monofunctionalized CDs have been effectively 
prepared using efficient modification strategies and successfully characterized by 
Infra-red (IR) and Nuclear Magnetic Resonance (NMR) spectroscopy. From 
these monofunctionalized CDs and corresponding linkers, insoluble nanoporous 
polymers with different physical properties were synthesized (Scheme 1). 
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Scheme 1: A general synthetic pathway for a monofunctionalized CD 
polymer. 
 
The insoluble polymers obtained have demonstrated great capabilities in 
removing phenolic compounds (p-Nitrophenol and pentachlorophenol) at very 
low levels of concentrations from water. The absorption efficiencies of these 
polymers were generally similar to those of the unfunctionalized CD polymers 
(standard polymers). The degree of absorption was quantified and measured 
using UV-Visible spectroscopy and GC-MS analysis.  
 
 xvi
The thermal stabilities of the polymers were also investigated in this study using 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). It 
has been established that these novel polymers are stable over a wide range of 
temperatures (100 oC – 400 oC). 
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CHAPTER 1 
INTRODUCTION 
_______________________________________________________________ 
 
1.1 Background 
 
The removal of organic contaminants from water is a serious challenge for 
chemists. As a result of growing economic and industrial development, there is 
hardly an area that has not been affected by the problem of water contamination.  
As a response to this problem, several technologies and materials have been 
employed to remove organics from water. These include the use of activated 
carbon adsorption,1  zeolites,2 reverse osmosis,3 and molecular sieves.4 
However, none of these techniques have been reported to remove organic 
contaminants dissolved in aqueous media at parts-per-billion (ppb) levels. 
Examples of organic compounds found in water supplies that are difficult to 
remove include chlorinated solvents (e.g. trichloroethylene and 
tetrachloroethylene) and aromatic compounds such as benzene, toluene and 
phenol and their derivatives.5 Owing to the toxicity of these organic 
contaminants, there is a growing need for the development of efficient methods 
for their removal. Recent work has explored the use of a new class of 
nanoporous cyclodextrin (CD) polymers in the absorption of organic 
contaminants from water to the desired levels.6 
 
1.2 Project justification 
 
Cyclodextrins, a class of cyclic compounds, tend to form inclusion complexes 
with various organic compounds. The most common CDs (loosely named parent 
 - 1 -
CDs) are composed of 6, 7 and 8 glucose units and are known as α-, β- and γ-
CDs, respectively. Their well-defined cylindrical inner cavities, which are 
hydrophobic, allow for absorption of organic pollutants from an aqueous medium. 
However, the solubility of the parent CDs in water restricts their usage in water 
treatment. To make them water-insoluble they are converted into highly cross-
linked polymers. 
 
Recent work involving the synthesis of insoluble cyclodextrin polymers using 
bifunctional cross-linkers has been reported.6 Li and Ma7 have utilized linkers 
such as epichlorohydrin (EPC), toluene-2,4-diisocyanate (TDI) and 
hexamethylene diisocyanate (HDI) in the formation of these nanoporous 
cyclodextrin polymers. To the best of our knowledge, no study has been 
conducted in which monofunctionalized cyclodextrin polymers are employed for 
the removal of organic pollutants from aqueous media. As a consequence, it is 
not known how various functional groups attached to the polymer backbone 
would affect the performance of the polymer.  
 
This project, therefore, seeks to synthesize and characterize monosubstituted 
CD polymers or “nanosponges” as they are often referred to. These new desired 
polymers possess an enhanced ability to quench organic contaminants from 
water to acceptable levels. The synthetic process entailed monofunctionalization 
of the primary or secondary hydroxyl groups of the parent CD compounds 
followed by crosslinking with a suitable bifunctional linker to give the desired 
nanoporous polymers. These polymers were then tested for the ability to absorb 
organic compounds from water. 
 
 
 - 2 -
1.3 Aims and objectives 
 
The primary objectives of this study were to: 
 
i) Synthesize and characterize monosubstituted cyclodextrins from the 
parent cyclodextrins.  The characterization was performed by IR and 
NMR spectroscopy as well as other analytical techniques available in 
our laboratories. 
 
ii) Synthesize and characterize monosubstituted cyclodextrin polymers 
using the monosubstituted cyclodextrins synthesized in (i) and selected 
suitable bifunctional cross-linkers such as diisocyanates and diacid 
chlorides.  The characterization of the polymer was carried out by IR 
spectroscopy. An example of a general scheme for such reactions is 
given in Scheme 1.1. 
 
X 2 X 2
O L IN K E R
O L IN K E R
R O
O O R
O L IN K E R O
R X 1
R O O H
O H
H O O H
O H
B a s e
M o n o f u n c t io n a l iz e d  C D  P o ly m e r
c r o s s l in k in g  w i t h
b i f u n c t io n a l  l in k e r
L IN K E R
C y c lo d e x t r in M o n o f u n c t io n a l iz e d  C D
X 1 ,  X 2 = C l,  B r ,  I ,  e t c  
Scheme 1.1: Synthetic pathway for monofunctionalized CD polymers. 
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iii) Study the thermal stability of the monofunctionalized CD polymers 
using thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC). 
 
iv) Test the ability of the polymers to absorb organic contaminants from 
water by performing model contamination experiments. Such 
experiments involve deliberately placing solid nanoporous polymers 
into an aqueous solution containing known concentrations of the 
organic contaminants. GC-MS and UV-Visible spectroscopy were used 
in quantifying the degree of absorption. 
 
v) Perform comparative studies of the absorption capabilities for the 
monofunctionalized CD polymers and the unfunctionalized CD 
polymers. 
 
During the synthesis of these compounds optimization of the synthetic pathway 
was carried out by varying reaction conditions such as temperature, solvents and 
reaction times. From a range of linkers at our disposal, it is evident that for one 
monofunctionalized cyclodextrin moiety, there is an almost unlimited number of 
polymers that could be prepared. While insoluble CD polymers are the target 
compounds, soluble polymers, which have not been prepared before, can also 
be obtained and characterized. 
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1.4 Outline of the dissertation 
 
Chapter 1 serves to provide a concise summary of the background, justification 
as well as the aims and objectives of the project. A brief introduction of the 
outline of this dissertation is also discussed in this chapter. 
 
In Chapter 2, the literature covering the structure and physical properties of 
cyclodextrins, modified cyclodextrins and cyclodextrin polymers is reviewed. 
Available methods employed in the monofunctionalization of CDs have been 
discussed here in detail. This chapter also gives a brief overview of existing 
water purification technologies and materials such as activated carbon, molecular 
sieves, zeolites and dendrimers. In addition, methods that have been utilized to 
study the thermal properties of CDs have been highlighted in this chapter. 
 
The objective of Chapter 3 is to summarize the experimental strategies 
employed as well as the results obtained for the synthesis of monofunctionalized 
CDs and the corresponding polymers. The analytical techniques and procedures 
used in experiments for testing the absorption abilities of the polymers are also 
mentioned under this section. 
 
Chapter 4 provides an indepth analysis of the results obtained in the previous 
chapter. Specifically, it features characterization of both the monofunctionalized 
CDs and the polymers. An investigation of the effect of the substituents on the 
absorption properties of the resultant polymers is also discussed. 
 
In Chapter 5 conclusions and recommendations based on the results obtained 
from this study are made. 
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The Appendices outline selected IR and NMR spectra, GC/MS chromatographs, 
DSC and TGA curves as well as types of pollutants, their sources and effects. 
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CHAPTER 2 
LITERATURE REVIEW 
_______________________________________________________________ 
 
2.1 Introduction 
 
Water is a vital resource that is essential for the existence of life on earth. It is 
used in a wide variety of manufacturing and industrial processes. To ensure that 
it is acceptable for human consumption its quality should conform to certain 
health standards.1 Contamination of water by organic compounds is, however, 
inevitable because synthetic materials are used in every aspect of our daily lives. 
In urban areas, municipal and industrial effluents pollute water sources. In 
farming areas agricultural activities can lead to deterioration in water quality.2 
Organic contaminants are a public health concern as they can be harmful when 
present above acceptable concentrations in drinking water. The serious 
challenge faced by local governments and industries is the removal of these 
contaminants from aqueous systems. This has therefore led to the development 
of several water purification technologies. These are discussed briefly in the 
following section. 
 
2.2 Current water purification technologies  
 
Technologies for the removal of organic contaminants that are in place are 
activated carbon, zeolites, molecular sieves, reverse osmosis, and dendrimers. 
While activated carbon adsorption is currently the most popular technology for 
the removal of organics in water,3 it however fails to remove organic 
contaminants at parts-per-billion (ppb) levels.  
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Zeolites have also been described as another viable alternative in mitigating this 
problem.4 These are basically crystalline solids with well-defined structures. 
Because of their unique porous properties, they have been used in ion-
exchange. They, however, show little affinity for organics and thus cannot be 
used extensively in water purification. 
 
A third technique uses molecular sieves, which contain a network of uniform 
pores and empty cavities. These compounds are metal alumino-silicates having 
a three dimensional network of silica and alumina tetrahedra.5 They are non-toxic 
and are insoluble in water as well as most organic solvents; they are often used 
as selective absorbents for both organic and inorganic materials. Molecular 
sieves, however, tend to easily absorb water thus losing their effectiveness in the 
process. As a result, they fail to remove organic compounds at very low levels of 
contamination. 
 
Reverse osmosis is considered as another efficient method of removing 
contaminants from water and has been successfully used in many applications 
such as desalination of seawater.6 The disadvantage of this technology is that it 
requires high pressure in order to overcome the resistance produced by the 
dense membrane used, which consumes a lot of energy. It is also difficult to 
recover all of the water entering the system and it does not remove the smallest 
organic molecules. Therefore, the high cost associated with this technology 
makes it an ineffective and wasteful large scale decontamination technique. 
 
Long-chain alkylated dendrimetic derivatives have recently been reported as 
another viable technology for the removal of organic contaminants.7 These are 
effective nanosponge materials that are particularly effective for the inclusion of 
toxic polycyclic aromatic compounds dissolved in water; they are capable of 
 - 9 -
removing these contaminants from water to parts-per-billion levels. The high cost 
benefit of this technology has however prohibited further investigation. 
 
Recently, it has been reported that cyclodextrins polymers are capable of 
removing a wide range of organic contaminants from aqueous systems present 
at ppb levels.7 
 
2.3 Cyclodextrin technology 
 
2.3.1 History of cyclodextrins 
 
Cyclodextrins were first discovered by Villiers8 in 1891 as by-products of the 
enzymatic degradation of Bacillus macerans amylase on starch. Schardinger9 
then developed a detailed method for the synthesis and separation of 
cyclodextrins.  This method takes advantage of the solubility properties of the 
cyclodextrin oligomers, using organic solvents to induce the selective 
precipitation. CDs are capable of forming inclusion complexes of the host-guest 
type with organic compounds of certain sizes and can act as catalysts that mimic 
enzymes in their regio- and stereo-specificity. Recent industrial applications of 
CDs are numerous. They include everything from food chemistry, biotechnology, 
analytical chemistry, pharmaceuticals, cosmetics, pesticides, and polymers. 
 
 
 
 
 
 
 
 - 10 -
2.3.2 What are cyclodextrins? 
 
Cyclodextrins are biosynthetic cyclic oligomers composed of anhydrous 
glucopyranosyl units (AGU). The glucose units are linked together by α-1,4-
linkages.10 Other common names used occasionally in the naming of these 
compounds are Schardinger dextrins, cycloglucans and cycloamyloses.  
 
The three most common cyclic oligosaccharides are α-, β- and γ-CD (shown in 
Figure 2.1), consisting of six, seven and eight glucose units, respectively.11 CDs 
consisting of more glucose units also exist, but they are currently too expensive 
to be utilized in the development of practical applications.12
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   α-cyclodextrin                     β-cyclodextrin                           γ-cyclodextrin 
 
Figure 2.1: The structures of the three common types of CDs. 
 
As shown in Figure 2.2, these enzymatic starch products have characteristic 
toroidal shapes that form well-defined cylindrical cone-shaped cavities. They 
possess hydrophilic exteriors and hydrophobic interiors. The hydrophilic surface 
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allows CDs to dissolve in water, whilst the hydrophobic cavity can host several 
different compounds. 
 
 
Figure 2.2: Schematic representation of the cone-shaped structure of the 
cyclodextrin.10 
 
Several structures have been used to represent cyclodextrins. However, in this 
dissertation, the following structures will be used regularly to represent 
cyclodextrins. These are shown in Figure 2.3. 
 
O
C1
C4
C5
H
H
HO
OH
H
H
C6
HC2C3
OH
O
n
n = 6,7,8
(a) (b)
OH
OHOH
 
Figure 2.3: The structures used to represent the CD molecule in this 
dissertation. 
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The cyclodextrin rings are about 8 Å deep and 5-10 Å in diameter, depending on 
the number of glucose units. Other important physical properties and molecular 
dimensions are shown in Table 2.1. 
 
Table 2.1: Physical properties and molecular dimensions of the most 
common types of cyclodextrins. 
Property α-CD β-CD γ-CD 
 
Number of 
glucose units 
 
Molecular weight 
(g.mol-1) 
 
Water solubility 
(g.100ml-1) 25 oC 
 
Specific rotation 
[α]D25 
 
Internal diameter 
(Å) 
 
External diameter 
(Å) 
 
Height cone 
(Å) 
 
Cavity volume 
 (Å3) 
 
6 
 
 
972 
 
 
14.5 
 
 
150.5 ± 0.5 
 
 
4.9 
 
 
14.6 
 
 
7.9 
 
 
176 
 
7 
 
 
1135 
 
 
1.85 
 
 
162.5 ± 0.5 
 
 
6.2 
 
 
15.4 
 
 
7.9 
 
 
346 
 
8 
 
 
1297 
 
 
23.2 
 
 
177.4 ± 0.5 
 
 
7.9 
 
 
17.5 
 
 
7.9 
 
 
510 
 
 
2.3.3 Chemical properties of CDs 
 
CDs possess numerous functional groups; they can, therefore, undergo a wide 
variety of chemical reactions.12 These may involve cleavage of the O-H, C-O, C-
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H or C-C bonds. The most frequently studied reaction is the electrophilic attack of 
the hydroxyl groups. The α-, β-, and γ-CD contains 18, 21 and 24 OHs, 
respectively. Thus, each CD moiety has several sites of modification.13 The 
reactivity of the hydroxyl groups can be exploited by forming monosubstituted 
derivatives. However, the significance of this modification is only realized once 
the solubility of the resulting polymers has been established. 
 
There are basically two primary factors that need to be considered in the 
modification of the hydroxyl groups of the CDs: 
1. the nucleophilicity of the hydroxyl groups 
2. the ability of CDs to form complexes with the reagents used. 
 
Most modifications of CDs take place at the hydroxyl groups. As shown in Figure 
2.4, there are three types of hydroxyl groups (OH’s) present in CDs; one primary 
(C-6) and two secondary (C-2 and C-3).14,15  
 
OH
Secondary
alcohol
Primary alcohol
O O
O
O
O
OH HO
OH
OHOH
1 4
2
3
4 5 5
23 1
 
Figure 2.4: The three different types of hydroxyl groups of a CD. 
 
The C-6 hydroxyl groups are the most basic and thus most nucleophilic, the C-2 
hydroxyls are most acidic and the C-3 hydroxyls are the most inaccessible 
because they are sterrically hindered. Therefore, under normal circumstances, 
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an electrophilic reagent attacks at the most reactive C-6 OHs. The C-2 OH’s are 
the most susceptible to deprotonation,16 and the oxyanion formed is considered 
to be more nucleophilic than the non-deprotonated OH’s at the C-6. 
 
2.4 Cyclodextrin derivatives 
 
2.4.1 Monomodification of cyclodextrins 
 
Chemically modified CDs are synthesized so as to vary their solubility behavior, 
to modify their complexation properties (i.e. stability constant, guest selectivity) 
and to introduce functional groups that can achieve specific functions (e.g. 
catalytic activity). 
 
There are generally two common ways in which the CD hydroxyls groups can be 
functionalized: 
i. monofunctionalization - functionalizing of only one hydroxyl group.  
ii. per-functionalization – functionalizing of an entire set of hydroxyl groups. 
Although di- and tri-functionalizations exist,17 they have not been well 
investigated and are difficult to perform. Monofunctionalization of the CDs have, 
however, been well studied in the functionalization of these starch derivatives.18 
These monofunctionalizations can be achieved by a reaction of the hydroxyl 
groups with an electrophile. The large number of hydroxyl groups at the three 
different positions of CDs makes modification at a single desired place 
complicated.19 Although selective monofunctionalization at a desired position is a 
challenging task, the differences in the chemical properties and reactivities 
among these sites can be exploited to yield a specific product.  
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Monosubstitution of a CD is achieved by using less than one equivalent of the 
reagent. The presence of a large excess of the electrophilic reagent must be 
avoided as it often lead to di-, tri or per-functionalization.20
 
Because the primary hydroxyl C-6 groups of the macrocycle are easily 
accessible, they tend to react preferentially with bulky reagents. Under 
anhydrous conditions the C-2 OH’s can be selectively deprotonated and allowed 
to react with electrophilic reagents. The C-3 OHs can react only after (C-2) and 
(C-6) have been blocked. 
 
Required substituents may be introduced to the CD directly through alkylation, 
acylation and sulfonation. Alternatively, sulfonates, halides and related species 
may be prepared as intermediates for the subsequent introduction of other 
substituents through nucleophilic displacement. In turn, an amino group 
incorporated in a similar manner provides a nucleophilic site for further 
elaboration. Oxidation of the hydroxyl groups of the CDs produces aldehydes 
and ketones while reactions with acid chlorides (benzoyl chloride, ethanoyl 
chloride) and acid anhydride e.g. phthalic acid anhydride, yield esters.21 
Reactions with sulphonic acid chlorides and alkylhalides yield sulphonic esters 
and ethers, respectively.22  
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2.4.1.1 Primary face monomodification 
 
(a) Monosubstitution at the 6-position of the CDs 
 
The most common method for functionalizing at the 6-position of the CDs is 
nucleophilic attack of a reagent containing the appropriate group on mono-6-tosyl 
CD (itself a monosubstituted CD). Monosulfates are prepared by reacting one 
equivalent of p-toluenesulfonyl chloride with CD in pyridine or DMF in the 
presence of a base. Monotosylates have been extensively investigated.23,24 An 
excellent method for the synthesis of monotosyl CD is by the reaction of a CD 
moiety with p-toluene sulfonic anhydride (Ts2O) in aqueous alkaline medium for a 
short period of time to obtain the mono-6-tosylate (Scheme 2.1) in a fairly good 
yields.25
 
OH SO3
Mono-6-tosyl CDCyclodextrin
Ts2O
NaOH/H2O
CH3
 
Scheme 2.1: Conversion of the cyclodextrin to the mono-6-tosyl CD. 
 
Tosyl CDs are important precursors to a variety of modified CDs because 
nucleophiles can attack the electrophilic carbon atom at the 6-position to produce 
other functionalized derivatives.26 Several nucleophiles can displace the tosyl 
group on the CD to yield the corresponding modified CD. These include 
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nucleophiles such as iodide, azide, thioacetate, hydroxylamine, aryl or poly-
alkylamine. These can displace the tosyl group to afford monoiodo-,27 
monoazido-,28,29 monothio-,30,31 and monoalkylamino cyclodextrins,32,33 (Scheme 
2.2). 
 
 
OTs
I N3
Mono-6-tosyl CD
Mono-6-iodo CD
Mono-6-azide CD
CHO
Mono-6-formyl CD
NH
Mono-6-toluidinyl CD
CH3
NaI NaN3
DMSO
CH3
H2N
R
Mono-alkylated CD
R = Alkyl group
Scheme 2.2: Conversion of tosyl CD to the corresponding functionalized 
derivatives. 
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This strategy has also been used in the synthesis of artificial enzymes where 
only one functional group, which acted as a catalyst, was attached to the 6-
position of CDs.34 This was achieved by reacting a nucleophile containing the 
catalytic species with the 6-tosylated CD to give the desired artificial enzyme.35 A 
variety of other derivatives have been prepared by displacing the tosyl group 
from the 6-position of CD. Bulky groups such as 4-N-(tert-butoxycarbonyl)-2-
ethylimidazonyl have been linked to the CD and characterized by X-ray 
diffraction (XRD).36 Monotoluidinyl CDs (Scheme 2.2) that can recognize the 
size, shape and chirality of amino acids with good enantioselectivity have been 
synthesized in a similar manner.37 Essentially the same strategy has been 
utilized in the synthesis of a mono-hydroxylamine derivative of CD.38
 
Monothio derivatives are synthesized from monotosylates or mono-iodo CDs and 
the respective alkyl thiolate ion. A variety of mercapto CD derivatives that have 
been obtained from monotosylated CDs have been used to study immobilized 
films on gold surfaces.39 The direct synthesis of monothio CDs with aromatic thiol 
and unprotected CD in DMF or pyridine is performed through a thio-Mitsinobu 
reaction. This reaction gives a mixture of mono-, di-, and trisubstituted products 
which are further purified by chromatography.40  
 
Monoamino derivatives of CD have also been reported.41 These are conveniently 
obtained from monoazides of CDs by reduction with triphenylphosphine in the 
presence of ammonia. Monoazides of CDs are indirectly obtained by heating the 
monotosylate with sodium or lithium azide salt containing triphenylphosphine in 
DMF.42 Monoamines show greater solubility in organic solvents and react with 
isocyanates without the need to protect the primary hydroxyl groups to produce 
isocyanato CDs. 
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Like the monotosylates, monoaldehydic CD derivatives are also important 
because they provide a route for further modifications. The monoaldehyde has 
been prepared by oxidizing mono-6-tosyl CD using DMSO and collidine as a 
hindered base (Scheme 2.2).43,44 
 
They can also be synthesized by reacting the CDs with Dess-Martin periodinane 
in 85-100% yields.45,46 Oxidation of the monoaldehyde leads to its carboxylic acid 
derivative. Hydroxylamine reacts with the monoaldehyde to produce a 
monohydrazone derivative.43 Alkyl ethers of CDs cannot be synthesized from 
tosylates because nucleophiles in this case (alkoxide ions) act as strong bases 
which abstract protons from the C-3 OHs and produce the 3,6-anhydro 
compounds by ring conversion.47 This kind of ring inversion is shown in Scheme 
2.3. 
 
O
O-
OTs
OHO
n
O
O
OHO n
O
OTs
O
OH
OH
n
-OTs
(n = 6, 7, 8)
Cyclodextrin monotosylate
3,6-anhydro Cyclodextrin 
Scheme 2.3: Conversion of the monotosylate to a 3,6-anhydro CD during 
ring inversion.  
 - 20 -
β-CD alkyl ethers are obtained by a longer method in which the primary side is 
first protected by tert-butyldimethyl silyl chloride (TBDMSCl). This is followed by 
per-methylation of the secondary face, desilylation of the primary side and then 
monotosylation of the primary side. The reaction of the alkoxide ion with this 
protected tosylate gives the desired alkyl ether on the primary side without the 
formation of the 3,6-anhydro derivative.47 The main problem with this approach is 
that the methyl groups in the secondary side cannot be easily removed.  This 
limitation can be overcome by using acetyl groups to protect the secondary side 
that can be subsequently hydrolyzed.  
 
The direct approach for alkylation has been demonstrated.48 This reaction 
involves the treatment of the CDs with alkyl halides in an alkaline solution to 
afford a mixture of products which are, in turn, separated by chromatographic 
methods.49,50 An example of a random reaction is hydroxypropylation which 
results in a mixture of primary and secondary side derivatives. Such a 
substitution reaction can be controlled by the concentration of base used during 
the reaction.51  
 
Another example of direct alkylation is the synthesis of mono-
(dicyanoanthracene) derivative.52 The pyrolysis of solid complexes of CDs 
aromatic diazo compounds is another good example of a direct approach for 
monoalkylation.53 This reaction proceeds via the insertion of carbine into hydroxyl 
groups. The mixture of 2-, 3-, and 6-O-isomers produced are in turn separated by 
HPLC to give the desired monoalkyl CD derivative.  
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2.4.1.2 Secondary face monomodification 
 
(a) Monosubstitution at the 2-position of the cyclodextrin 
 
Although very few 2-monosybstituted CDs derivatives are known, mono-2-tosyl 
β-CD has been synthesized using several strategies. m-nitrophenyl tosylate 
reacts with CD in a DMF/aqueous buffer at pH 10 in a low yield. This reaction 
proceeds via complex formation to transfer the tosyl group to the 2-position.54 
The tosyl group gets transferred preferentially to the 2-position due to the 
orientation of the reagent with the host molecule. This procedure is referred to as 
the group transfer strategy. Several workers have prepared mono-2-tosylate 
derivatives of CDs as a mixture of other isomers by using an aqueous alkaline 
medium or DMF and p-toluene sulfonyl chloride.55 These have been well 
characterized after chromatographic purification of the mixture.56-58 Dibutyltin 
oxide has been used to facilitate this reaction in DMF.59  
 
The mono-2-mesylate derivative of the β-CD has also been reported60 (Scheme 
2.4). Other examples of mono-2-sulfonates such as nitrobenzenesulfonyl or 
naphthalenesulfonyl groups, also obtained as mixtures and later purified, are 
mentioned in the literature.61,62 
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OH
Mono-2-mesyl CDCyclodextrin
CH3SO2Cl
HO OH
OH
HO SO3CH3
 
Scheme 2.4: Synthesis of mono-2-mesyl cyclodextrin. 
 
As noted earlier, the hydroxyl groups at the 2-position are more acidic than those 
at the 6-position. This feature has been exploited by using sodium hydride (NaH) 
or lithium hydride (LiH) as strong bases under anhydrous conditions for selective 
tosylation at the 2-position, as shown in Scheme 2.5. 
 
 
OH
Cyclodextrin
HO OH
OH
HO O-Na+
Cyclodextrin oxyanion
NaH
23
6
23
6
 
Scheme 2.5: The deprotonation reaction of the C-2 secondary hydroxyl 
    groups. 
 
Yields in all these reactions are reduced by the elimination of the sulfonate group 
due to its good leaving behavior.54 The elimination of the tosyl group at the 2-
position by the hydroxyl groups affords the manno-2,3-epoxy CD (Scheme 2.6). 
Symmetrical alkyl ethers with substitutions at all three positions have been 
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synthesized. Mono-(isoalloxazinomethyl) CD64 is another example of a mono-2-
ether which is obtained by exploiting the acidity of the 3-hydroxyl group by 
reacting with a strong base and subsequent conversion of the product to a flavin 
moiety after several steps.65,66
 
Mono-2-methyl, -ethyl and -allyl derivatives are prepared directly from CDs and 
the respective dialkyl sulfates in aqueous solution, giving very low yields after 
purification.17 Mono-2-propyl derivatives are obtained by hydrogenation of the 
mono-2-allyl CDs. Monoalkyl ethers with terminal aromatic esters appended 
through amide linkage show intramolecular inclusion complex formation.63  
 
Mono-2,3-epoxy CDs are synthesized from the classic monotosylate in a basic 
medium.67 As presented in Scheme 2.6, two types of epoxides are produced 
during the reaction depending on the position of the sulfonate group on the 
cyclodextrin ring.68  
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Scheme 2.6: Synthesis of the cyclodextrin epoxides from the cyclodextrin 
monotosylate. 
 
 - 25 -
The per-6-silylated manno-mono-2,3-epoxy derivative is synthesized from the 
per-6-sily-mono-2-tosyl derivatives. Mono-2-amino CDs have been synthesized 
from per-acetylated CDs of all the three types of these starch derivatives (α-, β- 
and γ-CDs) by the cleavage of the CD ring in an acidic medium.69 This is 
subsequently followed by coupling with the glucosamine derivatives which gives 
the final products after several steps of cyclization and deprotonation. 
 
Another method for the synthesis of this compound (mono-2-amino CD) involves 
the use of per-benzoylated β-CD. This reaction also involves a number of steps 
including de-benzoylation reaction at one of the C-2 hydroxyls, followed by 
oxidation and oxime formation, and finally reduction of the oxime. Scheme 2.7 
summarizes the strategies that have been used in modification of the hydroxyls 
at the 2-position. 
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 OR
OR1 OR1
R
OR
(a)
(b)
(c)
(d)
(e)
(f)
R = Tosyl
R1=TBDS
6 6
2
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Scheme 2.7: Strategies for modification at the 2-position of CDs; (a) 
complex formation, (b) tosylate formation, (c) electrophilic reagent (in a 
strong base), (d) protection of the primary site with TBDS, (e) electrophilic 
reagent and (f) deprotection of TBDS.47 The OHs are not shown for the sake 
of clarity. 
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(b) Monosubstitution at the 3-position of the CDs 
 
Monosubstitution at the 3-position is complicated by the fact that the hydroxyl 
groups at this position are most inaccessible and thus less reactive compared to 
the highly accessible ones (C-2 and C-6 hydroxyl groups). Most modifications of 
the C-3 OHs proceeds via the synthesis of manno-mono-2,3-epoxy CD (Scheme 
2.6). For example, p-toluene sulfonyl chloride has been reacted with the epoxy 
CD to give the mono-3-tosylates, at very low yields.55,70 However, higher yields 
have been obtained when 2-naphthalene sulfonyl and 3-nitrobenzene sulfonyl 
chloride reacted with the CD.71,72   
 
Thio derivatives are produced by reacting the mono-3-sulfonates with alkali 
thiolates in DMF.73 This is an SN2 type of reaction. Under basic conditions these 
intermediary sufonates can be converted to allo-mono-2,3-epoxy CDs.74  
 
Generally, epoxy CDs react with certain nucleophiles to give a substitution at the 
3-position. Mono-3-amino CDs are synthesized by this method i.e. by treatment 
of manno-2,3-epoxy CDs with ammonia solution at room temperature.75,76 
Subsequently, hydroxylamine reacts with this epoxide to give 3-hydroxylamino 
CD.77 Various nucleophiles have been utilized in the opening of the epoxy ring of 
per-6-silyl-mono-2,3-epoxy CD to produce exclusively 3-substituted derivatives.78 
These include among other nucleophiles ethylenediamine, lithium azide or 
anhydrous ammonia. 
 
Homo- and heterodimers, which have been protected, are formed by coupling 
amino-6-α- and β-CDs with the phenyl ester of a dicarboxylic acid. The products 
obtained are then desilylated with tetrabutylammonium fluoride (TBAF) by 
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refluxing with THF to give the matching CD derivatives.79 To obtain mono-3-aryl 
CDs, the primary hydroxyl groups are first protected with TBDMS and then 
reacted with a specific alkyl halide (4-methylamino-3-nitrobenzyl chloride) in 
lutidine at high temperatures. This is shown in Scheme 2.8. The protected CD is 
believed to complex with this reagent to direct its reactive site towards the OH at 
the 3-position to give the product.80 
 
 
OTBDMS
OTBDMS
O
NHCH3
NO2
O
NHCH3
NO2
TBDMSCl
2,6-Lutidine
TBAF
Cl
NHCH3
NO2
CD
Mono-3-alkyl amino CD
OH
OH
 
Scheme 2.8: Synthetic scheme for mono-3-aryl amino cyclodextrin. 
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2.4.2 Cyclodextrin polymers 
 
Cyclodextrins fixed into polymeric structures behave differently from their 
monomeric derivatives. Depending on the reaction conditions, polymers can be 
subsequently prepared from difunctional cross-linking monomer units such as 
epichlorohydrin, diisocyanates, dicarboxylic acid dichlorides, to mention a few. 
Such reactions should afford either soluble or insoluble polymers. The most 
thoroughly studied polymerization is the cross-linking reaction with 
epichlorohydrin.81 Among the cross-linked polymer derivatives are those which 
are smaller in size and soluble in water and larger ones that are insoluble in any 
solvent but swell in water. 
 
Recently, a series of CDs have been found to initiate the polymerization of cyclic 
esters selectively without any co-catalyst and co-solvents. The products were 
polymers with the CD moiety at the end of the chain.82 Moderately high molecular 
weight CD polymers have also been reported.83 These are known to significantly 
increase the solubility of drugs.84 Hinze85 has reviewed cyclodextrin polymer 
application in chromatographic separations and purification methods of 
cyclodextrins and its derivatives including their polymers. A functionalized CD-
based hyperbranched poly(sulfone-amine) with good complex capacity has also 
been reported.86  
 
Organic nanoporous polymers have been synthesized from the cage-like CD 
molecules, where each CD in the polymer matrix serves as a nanosponge that 
can scavenge contaminants in water.87 The synthetic scheme of such polymers 
is shown in Scheme 2.9.  
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Scheme 2.9: Synthetic pathway for the formation of CD nanoporous 
polymers.
 
Efficient cross-linkers convert the molecular nanocavity into three dimensional, 
nanoporous polymers. By tuning the degree of cross-linking, the tailored 
structure results in either hydrophilic or hydrophobic polymers with “molecular 
hosts” that trap targeted organic compounds. Due to their strong binding and 
entropic effects, cyclodextrin polymers have shown the ability to remove organic 
compounds to very low levels of about 10-9M. However, cyclodextrin chemistry 
continues to offer various possibilities to synthesize polymers with different 
functionalities and absorption capabilities. 
 
2.4.2.1 Thermal analysis of the CD polymers 
 
Thermal analysis can be defined as a group of methods based on the 
determination of changes in chemical or physical properties of material as a 
function of temperature in a controlled atmosphere.88  
 
Thermal analysis is a good analytical tool to measure the following parameters: 
• Thermal decomposition of solids and liquids 
• Solid-solid and gas-liquid reactions 
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• Material specification, purity and identification 
• Inorganic solid material adsorption 
• Phase transition 
 
The principal techniques of thermal analysis are differential scanning calorimetry 
(DSC) and thermogravimetry analyzer (TGA). They are widely used to 
characterise polymers, organic or inorganic compounds, metals, 
superconductors, ceramics, clays and biological materials and other common 
classes of compounds.89 Thermal methods have been used and are currently 
employed as powerful tools in the characterization of CDs and their inclusion 
complexes. 
 
(a) Differential scanning calorimetry 
DSC measures the temperatures and heat flow associated with transitions in 
materials as a function of time and temperature. It determines transition 
temperatures, melting crystallization, and heat capacity. In this technique, Tg 
(material’s glass transition temperature) is detected as a sharp change in the 
slope of the heat-capacity curve.90 Tg is the point at which a polymer changes 
from a solid, glassy state into a material with elastic, rubber-like behaviour. 
 
(b) Thermogravimetric analysis 
Thermo gravimetric analysis is based on the measurement of weight loss of a 
material as a function of temperature. These changes in sample weight, which 
provide information about a material’s thermal stability and/or composition, are 
reported directly as milligrams of weight change or, more commonly as a 
percentage weight of the samples original weight. TGA can be used to identify 
general types of polymers depending on the availability of a suitable standard. In 
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a production environment, both DSC and TGA can be used as an effective 
quality control tool.90 TGA and DSC have been used in characterisation of CD 
polymers made from HMDI and TDI.91 The table below (Table 2.2) summarises 
what thermal analysis can reveal about polymeric materials. 
 
Table 2.2: What thermal analysis can reveal about polymeric materials. 
 
 
 
 
 
 
 
 
 
 
Inclusion complexes of α- and γ-CDs with poly ethylene oxide have been 
characterized with DSC and TGA.92 Formation and physiochemical studies of 
complexes between β-CD and aliphatic guests as non-covalent amphiphiles were 
performed with these thermal analysis tools.93,94 
 
2.5 Formation of inclusion complexes 
 
Cyclodextrins can behave as molecular hosts capable of holding, a range of 
guest molecules via a noncovalent interaction in their hydrophobic cavities. This 
Characterization Analytical 
technique 
Characterization Analytical 
technique 
Composition TGA 
Polymer 
crystallinity 
DSC 
Polymer 
reinforcement 
TGA 
Degree and rate 
of cure 
DSC 
Thermal stability  TGA 
Addictive content, 
effectiveness  
DSC, TGA 
Estimated 
 lifetime 
TGA Curing kinetics  DSC 
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phenomenon is known as a “host-guest” interaction.95 The formation of a typical 
inclusion complex is shown in Scheme 2.10.  
 
+
Incusion 
complex
Organic compound
(Guest)
ß-cyclodextrin
(Host)
 
Scheme 2.10: Formation of an inclusion complex between the β-CD and 
aromatic organic compounds. The hydroxyl groups of the CD are not 
shown for the sake of clarity. 
 
The interactions between CDs and organic molecules have been used as a basis 
for absorption and separation of various organic compounds. However, the high 
solubility of these cyclodextrins in water and organic solvents impose some 
limitations to their use as insoluble absorption media. For this reason, 
cyclodextrins are often converted into highly crossed insoluble polymeric 
material.96
 
Small molecules normally form 1:1 inclusion compounds. In such compounds, 
one CD ring includes one guest. It is also possible that the guest is only partially 
included by one CD. This occurs when molecules large than the cavity have to 
be included. When the molecule is very large, other types of inclusion 
compounds (e.g. 2:1) can be formed. 
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2.6 Analysis of priority organic pollutants 
 
Persistent organic pollutants (POPs) are organic compounds that resist 
photolytic, biological and chemical degradation.97 They include a broad range of 
industrial chemicals that have been discharged to the environment. Petroleum 
hydrocarbons, volatile organic compounds (VOCs), polychlorinated biphenyls 
(PCBs), endocrine disrupting chemicals (EDCs), and phenolic compounds are 
some of the known examples of POPs.97 These compounds have been under 
investigation for many years because of their toxicity, ability to bioaccumulate 
and potential chronic effects to humans as well as other organisms.  
 
Other emerging POPs that need to be specifically addressed are the 
polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzo-furans (PCDFs).98 
These compounds are not intentionally produced. They are released into the 
environment from various combustion processes and as a result of their 
occurrence as unwanted by-products in various chlorinated chemical processes. 
They are highly hydrophobic and very persistent in the environment. It is not 
surprising therefore that they have been detected regularly and frequently.99 
Figure 2.5 shows examples of common POPs. A list of major sources of 
pollutants and their effects is outlined in Appendix D. 
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2,3,7,8-Tetrachloro dibenzo-p-dioxin  
Figure 2.5: Examples of structures of commonly known POPs. 
 
Quantification of these compounds in the environment and contaminated media 
is key to evaluating their exposure levels and associated health risks as well as 
ways of removing them from the environment. Many analytical methods for the 
determination of POPs in water samples have been reported including the use of 
Gas Chromatography-Mass Spectrometry (GC/MS), UV-Visible Spectroscopy 
and High Performance Liquid Chromatography (HPLC).100 In addition, many 
treatment technology such as chemical oxidation, solvent extraction, and 
activated carbon adsorption were developed to remove organic compounds from 
domestic and industrial effluents and wastewaters. In order to comply with the 
stringiest environmental regulations, industries and municipal bodies must 
therefore be able to identify contamination resulting from chemical spills and 
leaks, and to monitor remediation processes. 
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CHAPTER 3 
EXPERIMETAL METHODOLOGY 
______________________________________________________________ 
 
3.1 Introduction 
 
A series of monosubstituted cyclodextrin nanoporous polymers have been 
synthesized and characterized using IR and NMR spectroscopic techniques. The 
process entails functionalizing the primary and secondary hydroxyl groups of the 
parent CD compound followed by cross linking with a suitable bifunctional linker 
to give the desired nanoporous polymers. These polymers were tested for their 
ability to absorb organic compounds from water. The degree of absorption was 
quantified and ascertained using UV-Visible Spectroscopy and GC-MS analysis. 
 
3.2 Experimental methodology 
 
3.2.1  General procedure 
 
3.2.1.1 Thin layer chromatography (TLC) 
 
TLC was performed on aluminium sheets precoated with a 0.25 mm layer of 
silica F254. TLC eluants used for the cyclodextrin derivatives are as follows, 
unless otherwise mentioned: A = 5:4:3 butanol/ethanol(95 %)/water, B = 2:1 
hexane/ethyl acetate and C = 4:1 acetonitrile/water. TLC spots were visualized 
under an ultraviolet lamp (254 nm and/or 365 nm) or dipped in 5 % sulphuric acid 
(H2SO4) in ethanol followed by heating on a hot plate. 
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3.2.1.2 Nuclear magnetic resonance (NMR) spectroscopy 
 
Unless specified otherwise, all NMR spectra were recorded at 300 MHz on a 
Varian Gemini 2000 spectrometer. Proton and carbon chemical shifts are 
reported in parts-per-million (ppm) using the residual signal deuterated dimethyl 
sulfoxide (DMSO-d6) (δ = 2.49 ppm for 1H and 39.50 ppm for 13C) or 
trimethylsilane (TMS) (δ = 0 ppm) as the internal reference.  
 
3.2.1.3 UV, IR and GC/MS analysis 
 
All the Ultraviolet (UV) experiments were performed using a Varian UV-Visible 
Cary 50 Spectrophotometer at 25.0 ± 0.1oC. Infrared (IR) spectra were obtained 
from a Midac FT-IR 5000 Spectrophotometer. IR data were listed with 
characteristic peaks in wavenumber (cm-1). A Varian CP-3800 Gas 
Chromatograph coupled with Varian 2000 Mass Spectrometer was used for 
quantification of the organic contaminants. 
 
3.2.1.4 Reactions and reagents 
 
All reactions were performed under nitrogen or argon pressure using pre-dried 
and distilled solvents. N,N-Dimethylformamide (DMF) was dried over calcium 
hydride for 2 days and then distilled under reduced pressure over calcium 
sulphate before usage. Acetone and ethanol were stored over sodium sulphate 
and then distilled and kept in dry molecular sieves before use. p-Toluenesulfonyl 
chloride was purified by recrystallization from petroleum ether prior to use.1 
Unless otherwise indicated, β-cyclodextrin and all the other reagents were 
utilised without further purification. All other reagents and chemicals were 
obtained from commercial suppliers. 
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3.2.2 Numbering system adopted for cyclodextrins 
 
As mentioned in the previous chapter, only the first three homologs of 
cyclodextrins (α-, β-, γ-CDs) have been extensively studied and they contain 6, 7 
and 8 glucopyranose units, respectively. In this dissertation, the value of n in the 
structures and tables will indicate the number of glucopyranose units in the CD. 
Each unit of the β-CD has six linked carbon atoms and are in turn attached to 
hydrogen atoms and/or hydroxyl groups (Figure 3.1). The first carbon atom is 
labelled C-1 (often referred to as the anomeric carbon) and is bonded to a single 
hydrogen atom (H-1). The anomeric carbon (C-1) is easily identified by the fact 
that it is the only carbon linked to two oxygen atoms. The primary hydroxyl 
groups attached to C-6 will be denoted as OH-6 and the secondary hydroxyl 
groups at C-2 and C-3 position as OH-2 and OH-3, respectively. 
 
O
C1
C4
C5
H4
H3
HO
OH
H2
H5
C6
H1
C2
C3
OH
O
n
n = 6,7,8
 
Figure 3.1: Structure of the β-cyclodextrin illustrating the numbering 
system used in this dissertation. 
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3.2.3 Synthetic procedures 
 
3.2.3.1 Synthesis of mono-functionalized cyclodextrins 
 
(a) p-Toluene sulfonic anhydride (2): p-Toluene sulfonyl chloride (8.06 g, 42.0 
mmol) was dissolved in dichloromethane chloride (50 mL) and p-toluene sulfonic 
acid (2.08 g, 10.5 mmol) was added in one portion with vigorous stirring. The 
resulting mixture was stirred overnight at room temperature (RT) under nitrogen. 
The resulting milky reaction mixture was then filtered through silica gel to remove 
the unreacted acid. The clear filtrate thus obtained was precipitated by the 
addition of hexane (200 mL). The crystals of Ts2O were collected as white 
needles after drying under vacuum overnight. 
 
 
 
Scheme 3.1: Preparation of p-toluene sulfonic anhydride. 
 
IR/KBr, cm-1: 3095 (C-H, Ar), 3058 (C-H, Ar), 2925 (C-H, Aliphatic), 1928, 1809, 
1652, 1592, 1488 (SO2), 1373, 1305, 1925, 1175 (SO2), 1121, 1079, 1015.  
1H NMR, DMSO-d6: 7.75 (d, H-2, 4H), 7.36 (d, H-3, 4H), 2.49 (s, -CH3, 6H). 
13C NMR, DMSO-d6: 144 (C-4), 139 (C-1), 129 (C-3), 126 (C-2), 22 (C-5). 
Yield:  5.89 g, 18.05 mmol, 43 %. 
M.pt = 124-126oC. 
TLC: Eluant B, Rf = 0.80. 
O2S SO2
O
SO2Cl SO3H.H2O
CH2Cl2
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2 2'
3
4
5
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2
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(b). Mono-6-tosyl β-cyclodextrin (3): β-CD (2.86 g, 2.53 mmol) and p-toluene 
sulfonic anhydride (1.24 g, 3.80 mmol) in distilled water (62.5 mL) was stirred 
under inert atmosphere for 2 hours at ambient temperature. A solution of NaOH 
(1.25 g, 31.3 mmol) in water (12.5 mL) was then added. After 10 minutes 
unreacted Ts2O was removed by filtration through silica gel. The filtrate was 
adjusted to pH = 8 by the addition of ammonium chloride (3.36 g). Cooling 
overnight in the refrigerator followed by drying under vacuum afforded 3 as a 
white fine powder. 
O
OHO OH
n
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Scheme 3.2: Preparation of mono-6-tosyl β-cyclodextrin. 
 
IR/KBr, cm-1: 3414 (O-H), 2929 (C-H), 1654 (C=C), 1599 (C-C), 1415 (SO2, 
Assy.), 1157, (SO2, Sym), 1009 (C-O). 
1H NMR/ppm, DMSO-d6: 7.76 (d, H-8, 2H), 7.44 (d, H-9, 2H), 5.71-5.52 (m, OH-
2, OH-3, 14H), 4.71 (s, H-1, 7H), 4.49-4.52 (m, OH-6, 6H), 3.76 -3.5O (m, H-6, 
H-3, H-5, 32H), 3.49-3.29 (m, H-4, H-2, overlap with HDO), 2.42 (s, -CH3, 3H). 
13C NMR/ppm, DMSO-d6: 146 (C-7), 133 (C-8), 130 (C-9), 128 (C-10), 102 (C-1), 
82 (C-4), 73 (C-3), 72.8 (C-2), 72 (C-5), 60 (C-6), 68.0 (C-6’), 21 (-CH3). 
Yield = 2.25 g, 1.75 mmol, 69 %. 
M.pt = 172-176oC; (Lit: 174-176oC)2 
TLC: Eluant A, Rf = 0.50. 
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(c) Mono-6-diaminoethyl β-CD (4): Well dried β-CDOTs (1.01 g, 0.783 mmol) 
was dissolved in DMF (20 mL) and a solution of diaminoethane (0.317 g, 1.76 
mmol) and DMF (10mL) was added dropwise with constant stirring. The resulting 
solution was stirred for 8 hours at 70oC under argon. The resulting solution was 
concentrated under reduced pressure by the removal of DMF. Addition of 
acetone (100 mL) led to the precipitation of a yellow-brown compound which was 
then filtered-off. This precipitate was dissolved in water (15 mL) and the solution 
was poured into acetone (200 mL) to form precipitate again which was then dried 
under vacuum. Recrystallization from hot water yielded the title compound as a 
yellow-brown solid in reasonably high yields. 
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Scheme 3.3: Preparation of the mono-6-diethylamino β-cyclodextrin. 
 
IR/KBr, cm-1: 3328 (O-H, N-H), 2924 (C-H), 1571, 1454, 1374, 1269, 1145, 1022 
(C-O).  
1H NMR, DMSO-d6: 5.80-5.61 (m, OH-2, OH-3, 14H), 4.81 (s, H-1, 7H), 4.46 (s, 
br, OH-6, 6H), 3.72-3.45 (m, H-6, H-5, H-3, N-H), 3.42-3.20 (m, H-4, H-2, -NH2, 
overlap with HDO), 2.07 (s, br, -CH2).  
13C NMR, DMSO-d6: 101 (C-1), 82 (C-4), 74 (C-3), 73 (C-2), 73 (C-5), 67.5 (C-6’), 
59 (C-6), 54 (C-7), 48 (C-8). 
Yield: 0.63 g, 0.528 mmol, 67 %. 
M.pt = 192-195oC (dec). 
TLC: Eluant A, Rf = 0.58. 
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(d). Mono-6-acetyl β-cyclodextrin (5): β-CD (3.01 g, 2.64 mmol) was dissolved 
in DMF (50 mL) and acetyl chloride (0.19 mL, 2.64 mmol) was added dropwise. 
On dropwise addition of diisopropylamine (0.45 mL, 2.64 mmol) to the stirred 
reaction mixture, the colour changed immediately to yellow-brown. This solution 
was stirred for 2 hours at -30oC under a stream of argon gas. The mixture was 
then left to stand at RT for a further 14 hours under a weak stream of argon gas. 
The resulting solution was concentrated under reduced pressure to about 20 mL. 
Dichloromethane (CH2Cl2) (200 mL) was added to the resulting white precipitate. 
The precipitate formed was filtered off, washed with CH2Cl2 and dried under 
vacuum to yield a white solid material. 
HO
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Scheme 3.4: Preparation of the mono-6-acetyl β-cyclodextrin. 
 
IR/KBr, cm-1: 3384 (O-H, br), 2925 (C-H, sharp), 1651 (C=O), 1406, 1157, 1032 
(C-O), sharp), 937, 750-601 (weak). 
1HNMR/ppm, DMSO-d6: 5.72 (d, OH-2, 7H), 5.67 (s, OH-3, 7H), 4.81 (s, H-1, 
7H), 4.46 (s, H-6, 6H), 3.61-3.47 (m, H-3, H-5, H-6), 3.39-3.22 (m, H-4, H-2),  
2.07 (s, CH3, 3H).  
13C NMR, DMSO-d6: 162 (C-7), 102 (C-1), 82 (C-4), 73 (C-3), 72.5 (C-2), 72.1 (C-
5), 60 (C-6), 60 (C-6’), 34 (C-8). 
Yield: 2.30 g, 1.95 mmol, 74 %. 
 M.pt. = 160-164oC (dec.). 
TLC: Eluant C, Rf = 0.76. 
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(e). Mono-2-benzoyl β-cyclodextrin (6): β-CD (2.00 g, 1.76 mmol) was 
dissolved in DMF (20 mL) and NaH (0.063 g, 2.64 mmol) was added with stirring. 
The reaction was left stirring overnight at room temperature. Benzoyl chloride 
(0.31 mL, 0.372 g, 2.64 mmol) was then added to the resulting clear solution. 
The reaction was stirred for a further 24 hours at room temperature under 
nitrogen gas. Addition of acetone (100 mL) precipitated the title compound which 
was then filtered. After drying under vacuum white solid granules were obtained.  
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Scheme 3.6: Preparation of the mono-2-benzoyl β-cyclodextrin. 
 
IR/KBr, cm-1: 3382 (O-H), 2926 (C-H), 1660 (C=O), 1554, 1403, 1308, 1232, 
1016(C-O). 
1H NMR, DMSO-d6: 7.56 (d, H-8, 2H), 7.40-7.44 (m, H-10), 7.22 (d, H-9, 2H), 
5.56-5.80 (m, OH-2, OH-3, 13H), 4.81 (s, H-1, 7H), 4.30 (d, OH-6, 7H), 3.41-3.72 
(m, H-6, H-5, H-3), 3.37-3.21 (m, H-4, H-2, overlap with H2O).  
13C NMR, DMSO-d6: 157.6 (C=O), 144.8 (C-7), 132.6 (C-8, C-8’), 129.9 (C-10), 
127.6 (C-9), 125.5 (C-9’), 101.9 (C-1), 81.5 (C-4), 73.1 (C-3), 72.4 (C-2), 72.4 (C-
2’), 72.0 (C-5), 59.9 (C-6). 
Yield: 1.27 g, 1.02 mmol, 58 %. 
M.pt = 188-190oC (dec). 
TLC: Eluant A, Rf = 0.68. 
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(f). Mono-2-methyl β-cyclodextrin (7): β-CD (2.01 g, 1.76 mmol) was dissolved 
in DMF (20 mL) and NaH (0.063 g, 2.64 mmol) was added in one portion with 
stirring. This resultant milky solution was left overnight at room temperature. 
Methyl iodide (0.16 mL, 0.375 g, 2.64 mmol) was added to this oxyanion. The 
reaction was stirred for a further 24 hours at 70oC under argon gas. DMF was 
then concentrated under vacuum, followed by addition of acetone (100 mL) and 
suction filtration. After washing with acetone, drying and recrystallization from hot 
water, a white fine powder of the desired CD derivative was obtained in a yield of 
49 %. 
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Scheme 3.5: Preparation of the mono-2-methyl β-cyclodextrin. 
 
IR/KBr, cm-1: 3380 (O-H), 2919 (C-H), 1651 (C-C), 1406, 1157, 1032 (C-O), 937, 
750-601. 
1H NMR, DMSO-d6: 5.51 (d, OH-2, 6H), 5.44 (s, OH-3, 7H), 4.79 (s, H-1, 7H), 
4.48 (s, OH-6, 7H), 3.76-3.73 (m, H-5, 7H), 3.63-3.56 (m, H-6, H-3, 14H), 3.40-
3.26 (m, H-4, H-2, 21H), 1.23 (s, -CH3, 3H). 
13C NMR, DMSO-d6: 102.5 (C-1), 82.2 (C-4), 73.5 (C-3), 72.9 (C-2’), 72.4 (C-5), 
69.5 (C-2), 60.4 (C-6), 53.8 (-CH3). 
Yield: 1.01 g, 0.870 mmol, 49 %. 
M.pt = 205-207oC. 
TLC: Eluant A, Rf = 0.38. 
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(g). Mono-2-allyl β-cyclodextrin (8): β-CD (2.00 g, 1.76 mmol) was dissolved in 
DMF (20 mL) and NaH (0.063 g, 2.64 mmol) was added in one portion with 
stirring. The reaction was stirred vigorously under a weak stream of argon at 
room temperature overnight. Allyl bromide (0.319 g, 0.23 mL, 2.64 mmol) was 
then added to the resulting clear solution and the temperature was raised to 
55oC. After 5 hours acetone (200 mL) was added to precipitate the allyl 
derivative. The white paste formed was then filtered off and washed further with 
large quantities of acetone to remove residual DMF followed by drying under high 
vacuum. 
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Scheme 3.7: Preparation of the mono-2-allyl β-cyclodextrin. 
 
IR/KBr, cm-1: 3377 (O-H), 2929 (C-H), 1637 (C=C), 1599 (C-C), 1406, 1151, 
1037 (C-O), 943, 571. 
1HNMR/ppm, DMSO-d6: 5.42 - 5.58 (m, OH-2, OH-3), 5.68m (allyl), 5.27 (dd), 
5.18 (dd), 4.80 - 4.95 (dd, H-1), 4.42 - 4.89 (m, OH-6), 4.28 (dd), 4.16 (dd),  3.74 
- 3.77 (m, H-3, H-6), 3.50 - 3.64 (m H-5), 3.28 - 3.41 (m, H-2, H-4).
 13C NMR, DMSO-d6: 135.6 (C-8), 114.5 (C-9), 101.9 (C-1), 81.3 (C-4), 73.5 (C-
3), 72.9 (C-2), 73.6 (C-2’) 72.4 (C-5), 71.8 (C-7), 60.3 (C-6). 
Yield: 0.75 g, 0.638 mmol, 36 %. 
M.pt = 268-270oC (dec.). 
TLC: Eluant C, Rf = 0.50. 
 
 - 52 -
3.2.3.2 Synthesis of monosubstituted CD polymers 
 
(a) General procedure for preparation of diisocyanate polymers 
 
A DMF solution of each monofunctionalized CD (4, 5, 6, 7 and 8) was typically 
reacted with a bifunctional linker such as hexamethylene- and toluene-2,4-
diisocyanates in a 1:8 molar ratio. The solution was heated at 70oC for 24 hours 
under inert conditions. Filtration followed by washing of the resulting material with 
copious amounts of acetone to remove residual DMF led to the isolation of an 
insoluble solid material. These were then dried overnight under high vacuum to 
produce the target polymers (Figure 3.2 and 3.3) in almost quantitative yields. 
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Figure 3.2: The structure of a monofunctionalized CD hexamethylene 
diisocyanate polymer. 
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Figure 3.3: The structure of a monofunctionalized CD tolune-2,4-
diisocyanate polymers. 
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(b) General procedure for the preparation of Adipoyl dichloride polymers 
 
A DMF solution of the monofunctionalized CDs (4, 5, 6, 7 and 8) was left to react 
overnight with NaH in a 1:8 molar ratio overnight at room temperature, followed 
by the addition of adipoyl dichloride in a similar ratio. After adding adipoyl 
dichloride (similar ratio) to the reaction mixture, the resulting mixture was stirred 
vigorously at 70-80oC for 24 hours under argon gas. The polymeric material was 
precipitated by the addition of large amounts of acetone, followed by filtration and 
washing of the resulting material several times with acetone. These desired 
insoluble polymers (Scheme 3.8) were obtained in quantitative yields after drying 
overnight under vacuum.  
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Scheme 3.8: Representative scheme for the preparation of adipoyl chloride 
polymers. 
 
(c) General procedure for the preparation of epichlorohydrin polymers 
 
A mixture of 1.00 g of CD derivative (4, 5, 6, 7 and 8) in 10 % of NaOH solution 
(5 mL) was stirred overnight at RT. The mixture was heated at 30oC and 
epichlorohydrin (EPC) (8 molar equivalents) was added immediately. During the 
polymerisation the temperature was monitored and kept at 30oC with constant 
stirring. After 4 hours, acetone (100 mL) was added and the precipitate formed 
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was filtered off. The pH of the solution was then reduced by the addition of a few 
drops of HCl (6 N). The resulting solution was then kept overnight at 50oC. After 
cooling, the solution was neutralized again with HCl (6 N) and filtered off. The 
insoluble granular solid obtained was washed with acetone (100 mL) followed by 
filtration and drying. A scheme for such a reaction is shown below. 
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Scheme 3.9: Scheme for the preparation of epichlorohydrin CD polymers. 
 
3.3 Thermal analysis of the CD polymers 
 
DSC analyses of the polymers were carried out on Mettler Toledo DSC 822e 
Analyzer with a heating rate of 10oC/min in the temperature range 50-500oC. An 
empty sample pan was used as an inert reference. The TGA analyses were 
carried out on a Perkin Elmer instrument with a heating rate of 10oC/min in the 
temperature range 50-800oC in nitrogen gas. 
 
These instruments allow for the monitoring of thermo-chemical events and weight 
loss as a function of temperature as well as the decomposition of glucose in the 
polymer. They also provide valuable insights into the degradation pathways of 
the polymers.3 In particular, DSC allows for better identification of melting points 
and glass transition temperatures. 
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3.4 Testing absorption abilities of the monofunctionalized CD polymers 
 
All the polymers formed were insoluble in water, a very important attribute for 
polymers intended for use in the removal of organic pollutants from water. An 
investigation of the absorption capability of these polymers was also carried out. 
This was accomplished by performing model contamination experiments. Such 
experiments involved deliberately placing solid nanoporous polymers into an 
aqueous solution containing known concentration of organic pollutants. 
Quantification of the organics was achieved by UV- Visible Spectroscopy and 
GC-MS analysis. 
 
3.4.1 UV Absorbance experiments 
A CARY 50 UV Spectrophotometer was used to measure the UV absorbance of 
p-nitrophenol (PNP) samples before and after treatment of standard solutions 
with the monofunctionalized CD polymers. A 10mm quartz cuvet cell was used. 
The instrument was calibrated with PNP standards and the calibration curve 
used to determine the concentrations of the pollutant absorbed by the polymers. 
The method used is as described by Environmental Protection Agency (EPA) 
method 5910B of the Standard Methods for the Examination of Water and Waste 
Water (1989). 
 
p-Nitrophenol is highly soluble in water and can easily be monitored by UV-
visible spectroscopy. Water samples containing known concentrations of PNP 
were prepared by dissolving the pollutant in deionized water. Standards of the 
following concentrations were then prepared: 20 mg/L, 15 mg/L, 10 mg/L, 5 mg/L 
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and 2.5 mg/L and used to plot a calibration curve. Each polymer (300 mg) was 
then mechanically stirred together with a 100 mL of the 10 mg/L PNP sample. At 
10 mg/L the yellow colour of PNP was observed with the naked eye. After 30 
minutes, the polymer which had then assumed the colour of the PNP was filtered 
off and the absorbance of the filtrate was taken at the maximum absorption 
wavelength of PNP (λ = 318 nm). The concentration after absorption for each 
polymer was computed from the equation y = mx + c. 
 
3.4.2 GC/MS experiments 
 
3.4.2.1 Introduction 
 
The GC/MS is one of the so-called hyphenated analytical techniques.4 As the 
name implies, it comprises two techniques that are combined to form a single 
method of analysing mixtures of compounds. Gas Chromatography (GC) 
separates the components of a mixture and Mass Spectrometry (MS) 
characterizes each of the components individually. By combining these two 
techniques, an analytical chemist can both qualitatively and quantitatively 
evaluate a solution containing a number of compounds. This technique is widely 
used in the medical, pharmacological and environmental fields. In this project, 
GC/MS is used to evaluate water samples containing the organic compound 
(pentachlorophenol). 
 
3.4.2.2 Operating principles for the GC/MS 
In all chromatography, separation occurs when the sample to be analysed is 
introduced (injected) through an injector port into a mobile phase. In Liquid 
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Chromatography (LC), the mobile phase is a solvent while in GC the mobile 
phase is a gas. Helium gas was used as a carrier gas in all experiments in this 
study. This gas sweeps the analyte into the column where the separation occurs. 
As the compounds are separated, they elute from the column and enter the 
detector which creates a signal whenever the presence of a compound is 
detected.5  
The time from when the injection is made (time zero) to the time when elution 
occurs is referred to as the retention time (TR). Compounds that have similar 
properties often have similar retention times. Therefore, more information is 
usually required before an identification of a compound containing a sample can 
be made. 
As individual components elute, they are bombarded with a stream of electrons 
causing them to break apart into fragments. These fragments are actually 
charged ions with a certain mass. Neutral fragments are also formed but they are 
not detected by this technique. The mass of the fragments divided by the charge 
is called the mass to charge ratio (m/z). The mass spectrum produced by a given 
chemical compound is essentially the same every time. Therefore, the spectrum 
is the finger print for the molecule which can be used to identify the compound. 
A library of spectra can be used to identify an unknown chemical by comparing 
the mass spectrum of a sample component with the mass spectra of compounds 
having similar m/z and fragmentation pattern. It reports a list of possible 
identifications with the statistical probability of the match. An MS data handling 
method for the MS was used for the quantification of spectral peaks. 
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3.4.2.3 Procedure for the preconcentration of water samples 
 
At very low levels of concentrations, it is important to preconcentrate water 
samples before analysis. Water samples are preconcentated so that they can be 
within the detection limit of the analytical instrument used and also to ensure 
purity of the samples to be analysed.  
 
The method used for this procedure was Method 525.2, an EPA method for 
analysing semi-volatile organics.6 This is a drinking water method for the 
determination of a wide range of semivolatile organic compounds including 
PAHs, pesticides and PCBs. It uses solid phase extraction for isolation and 
concentration; and GC/MS for determination. EPA Method 525.2 is performed by 
loading a 1000 mL of water onto a conditioned C-18 Solid phase extraction 
(SPE) cartridge. The cartridge is then dried and eluted with a combination of 
ethyl acetate (EtOAc) and dichloromethane (CH2Cl2). The extract is dried by 
passing it through 5-7 g of fired sodium sulphate and concentrated to about 1mL. 
 
The SPE method generally comprises four steps. The first step is conditioning of 
the column with methanol. In the second step the sample is loaded in the solid 
sorbent. The third step consists of washing of the sorbent with a solvent that has 
a low elution strength and the final step involves the elution of the desired analyte 
with a suitable solvent.  Tables 3.1 and 3.2 describe the extraction procedures of 
EPA Method 525.5. 
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Table 3.1: A summary of the loading procedures. 
Step Loading Procedure Flow Rate (mL/min) 
1 Wash syringe with 2 mL of MeOH Load Flow 20 
2 Rinse column with 5 mL of EtOAc into solvent waste Rinse Flow 40 
3 Rinse column with 5 mL of CH2Cl2 into solvent waste Elute Flow 5 
4 
Condition column with 10 mL of MeOH into solvent 
waste 
Cond. Air 
push 
15 
5 
Condition column with 10 mL of Water into aqueous 
waste 
Rinse air push 20 
6 Load 500 mL of sample onto column Elute air push 5 
7 Dry column with gas for 10 min 
8 End 
 
 
Table 3.2: A summary of the eluting procedures. 
Step Eluting Procedure Flow Rate (mL/min) 
1 
Manually rinse sample container with 7 mL 
to collect 
Rinse flow 5 
2 
Manually rinse sample container with 10 mL 
to collect 
Rinse flow 40 
3 Soak and collect 3 mL fraction using EtOAc Rinse Flow 40 
4 
Collect 2 mL fraction into sample tube using 
EtOAc 
Cond. Air push 15 
5 Soak and collect 3 mL fraction using CH2Cl2 Rinse air push 20 
6 
Collect 2 mL fraction into sample using 
CH2Cl2
Elute air push 5 
7 End 
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Due to the malfunctioning of the Zymark Autophase SPE work station, a modified 
SPE was constructed in our laboratory.18 This involved connecting a 500 mL 
separatory funnel, a C-18 SPE cartridge, and an Erlenmeyer flask that was 
connected to a sunction pump for enhancing smooth flow of water samples 
passing through cartridge (Figure 3.4). This new SPE however, led to the 
adjustment of the procedures involved in Method 525.2. For an instance, the 
volume of water samples used was 500 mL instead of 1000 mL. 
 
 
500 mL
Separatory
funnel
C-18 SPE cartridge
Collecting Flask
To sunction pump
 
Figure 3.4: Diagram showing the modified SPE used in this project. 
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The C-18 SPE cartridge was then emptied and packed with CD polymer granules 
(500 mg) and pentachlorophenol water samples were loaded onto the column. 
The contaminated samples that passed through the column were then collected 
in 10 mL vials (instead of the 1 mL originally used by SPE) and re-extracted 
through the C-18 SPE cartridge followed by quantification by GC/MS. This is 
summarized in Table 3.3. 
 
Table 3.3: Procedure for absorption by SPE method. 
Step Loading and eluting procedure Flow rate (mL/min) 
1 
Load 500 mL of sample onto cartridge 
packed with CD polymer 
Load flow 10 
2 Dry with gas for 15 minutes - - 
3 
Soak and collect 5 mL fraction into sample 
tube using EtOAc 
Elute Flow 10 
4 
Soak and collect 5 mL fraction into sample 
tube using CH2Cl2
Elute flow 10 
4 End 
 
3.4.2.4 Preparation of PCP samples 
In order to study the efficiency of the polymers in the removal of 
pentachlorophenol (PCP) from an aqueous medium at µg/L levels, we prepared 
100 µg/L water samples. Since PCP is fairly soluble in water it was first dissolved 
in very small amounts (approximately 1 mL) of ethanol before the addition of 
deionized water. The samples were then sonicated for a few minutes to ensure a 
homogenous solution. Standards for the samples used in calibration were 
prepared in a similar way using dichloromethane. Approximately 1 µL was 
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injected into the GC/MS injector port. The areas of the peaks obtained in the 
GC/MS were used to calculate the concentrations of the samples before and 
after absorption by the polymers. 
 
3.4.2.5 EPA Method 8270 for semivolatile organic compounds 
 
In this study, GC/MS analyses were carried out using a Varian 3800 capillary gas 
chromatography coupled with a Saturn 2000 mass spectrometer. EPA Method 
8270 was used to determine the concentration of semi-volatile organic 
compounds in extracts prepared from the water samples.7 This method uses 
similar conditions to method 525.2 except that it is most suitable for 
determination of phenol and its derivatives which were selected as target 
compounds in the study. Method 525.5 is developed mainly for the determination 
of pesticides. The operating conditions for the EPA method 8270 (GC/MS) for 
each experiment are shown in Table 3.4. 
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 Table 3.4: Operating conditions for EPA Method 8270 for determination of 
semivolatile organic compounds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Entry Parameter Operating condition 
1 Injection mode and volume 1µl splitless (hold 0.4 min.) 
2 Column type 
Capillary Chrompack CP Sil 8 CB, 30 m 
0.25 mm ID, 0.25 µm 
3 Injector temperature 40-300°C 
4 Carrier gas Helium, constant flow 
5 Flow rate 1mL/min 
6 Oven temperature 35°C (hold 2 min.) to 260°C at 20°C/min, to 330°C at 6°C/min (hold 1 min.) 
7 Detector Mass Spectrometer (Ion trap) 
8 Transfer line temp. 280°C 
9 Mass range 35-550 amu 
10 Ionization Electron ionization (EI) 
11 Mode Full scan 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
 
4.1 Introduction  
 
Nuclear magnetic resonance (NMR) spectroscopy has been widely used in the 
characterization of cyclodextrins and their derivatives. Therefore, NMR analysis 
of the unmodified β-cyclodextrin was very useful in determining whether the 
substituents were incorporated onto the parent CD skeleton. 
 
The secondary hydroxyl groups of the parent β-cyclodextrin at the greater rim of 
the CD, form intramolecular bonds in which the OH-3 group of one glucose unit 
interacts with the OH-2 group of the neighbouring glucose unit (Figure 4.1).1 
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 Figure 4.1: Structure illustrating details of the hydroxyl groups (OH-2 and 
OH-3) which participate in the formation of intramolecular bonds. 
 
This leads to a belt of hydrogen bonds around the secondary hydroxyls that 
gives the whole molecular structure a rather rigid configuration. The primary 
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hydroxyls placed at the smaller rim are not contributing to the intramolecular 
hydrogen bonding, and thus they can rotate partially blocking the hydrophobic 
cavity of the CD. Protons involved in the hydrogen bonding are much more 
deshielded than the free-rotating protons, and therefore appear in different 
regions of the 1H-NMR spectrum.2 Figure 4.2 shows the chemical shifts of the 
protons in the unsubstituted β-CD in deuterated dimethyl sulfoxide (DMSO-d6). 
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Figure 4.2: 1H NMR spectrum of unsubstituted β-cyclodextrin in DMSO-d6 (in 
ppm). 
 
The resonances of OH-3 and OH-2 were found to appear at 5.67 ppm and 5.72 
ppm respectively. These were clearly separated from the triplets of the free and 
less deshielded OH-6 groups that appear at 4.46 ppm. All the other protons, 
except the doublet of the anomeric protons (H-1) appearing at 4.81 ppm, are 
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found in the region 3.25-3.67 ppm. The anomeric protons are more deshielded 
because they are attached to carbon atoms which are bonded to two 
electronegative (oxygen) atoms. The H-3 and H-5 protons are located within 
the cavity of the CD and are thus, as shown in the spectrum, more deshielded 
than the H-2 and H-4 which are located on the exterior of the cavity. 
 
13C NMR chemical shifts of CDs (Figure 4.3) extend over a larger range than 
proton shifts and are especially suitable and useful for identifying these starch-
based compounds and their derivatives. While the anomeric C-1 carbon is highly 
deshielded (102 ppm) than the rest of the carbon atoms; the C-6, found at 59.9 
ppm, is highly shielded. Carbons C-2 and C-3 as well as C-5 are located in the 
region: 72 ppm to 73 ppm. However, C-4 is clearly separated from these carbon 
atoms and is found at 82 ppm. The signals found in the region, 39 - 40 ppm, 
were assigned to the solvent peak (DMSO peak). 
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Figure 4.3: 13C NMR spectrum of unsubstituted β-CD in DMSO-d6. 
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4.2 Characterization of mono-functionalized β-CD derivatives 
 
In this study, we looked at monofunctionalization of two differently substituted 
CDs i.e. at the 6-position and the 2-position. Monofunctionalization at the 3-
position was not considered in this study, since the C-3 hydroxyls are the most 
inaccessible, least reactive and sterrically hindered among the three types of 
OHs present in the exterior surfaces of the CD. The monofunctionalization 
reactions at 2- and 6-positions are discussed individually below. 
 
4.2.1 Synthesis and characterization of the CD monotosylate 
 
As highlighted before, CD monotosylates are generally important precursors for a 
variety of modified CDs because nucleophiles can attack the electrophilic carbon 
at the 6-position to produce the corresponding functionalized derivatives. 
Monotosylation of the CD can be achieved using either tosyl chloride or tosyl 
anyhydride. The anhydride method was adopted in this study for the 
monotosylation of the CD. This method is less complicated and affords the target 
compound in superior yields when compared to the tosyl chloride method. In 
addition, the p-toluene sulfonic anhydride Ts2O is more stable than p-toluene 
sulfonyl chloride.3 
 
Either water or pyridine can be used when performing tosylation using the 
anhydride. We decided to use water since pyridine is toxic and requires dry 
conditions. Pyridine also has added disadvantage of leading to the formation of 
an adhesive gel thus rendering stirring impossible during the course of the 
reaction.4 In addition, formation of a mixture of compounds cannot be avoided 
when pyridine is used as a solvent. 
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 (a) Synthesis and characterization of Ts2O 
 
Before tosylation could be attempted we first had to synthesize p-toluene sulfonic 
anhydride. This compound was synthesized in satisfactory yields (43%) by the 
reaction of p-toluene sulfonyl chloride and the monohydrate of sulphonic acid at 
ambient temperature.  Successful formation of the starting material was 
confirmed by IR and NMR spectroscopy. The 1H NMR spectrum of Ts2O 
(outlined in Appendix A) showed the aromatic and methyl signals at the 
expected regions (7.75-7.36 ppm and 2.49 ppm, respectively). Similarly, the 13C 
NMR spectrum shows an AB system of the aromatic carbons i.e. two sets of 
carbon atoms: C-1 and C-4 at 139 and 144 ppm, respectively, and C-3 and C-2 
at 129 and 126 ppm, respectively. The methyl carbon was observed at the 
expected region (22 ppm). This is depicted in Figure 4.4. 
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Figure 4.4: 13C NMR (DMSO-d6) spectrum of p-toluene sulfonic anhydride.  
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(b) Synthesis and characterization of the monotosylate 
 
The monotosylation at the primary side was accomplished (69% yield) by 
treatment of the β-cyclodextrin with p-toluene sulfonic anhydride in an alkaline 
solution at room temperature. Apparently, this reaction is accompanied by the 
formation of an inclusion complex between the Ts2O and the CD moiety before 
the addition of NaOH solution.5 
 
The structure of the mono-6-tosyl β-cyclodextrin (shown in Figure 4.5) was 
confirmed by 1H and 13C NMR spectroscopy as well as IR spectroscopy. The 1H 
NMR spectrum of the monotosylate precursor showed in the aromatic region the 
characteristic pattern of a tosyl system (two set of doublets at 7.76 ppm and 7.44 
ppm). Both doublets integrated for 2 protons which is equivalent to the total 
number of protons (four) available in the aromatic loop of the tosyl group. The 
location of these peaks in the 1H NMR spectrum is approximately the same to 
literature data (7.73 ppm and 7.42 ppm).6 A singlet found at 2.42 ppm was 
ascribed to the three methyl protons of the tosyl group. The 6-hydroxyl 
substitution was also confirmed by the reduction in the integration of the peak 
due to the hydroxyl protons in position 6 (OH-6) at 4.49-4.52 ppm. 
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Figure 4.5: The structure of mono-6-tosyl-β-cyclodextrin. 
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According to Breslow,7 the carbon linked to the tosyl group appears downfield 
relative to the unsubstituted carbon. This was confirmed by the appearance of 
the C-6’ and C-6 signals at 68 ppm and 59.9 ppm, respectively (Table 4.1). The 
structure was further confirmed by the emergence of aromatics peaks at 145 
ppm, 133 ppm, 130 ppm and 128 ppm. The peak of the methyl carbon attached 
to the aromatic ring appears at 21.2 ppm. All these values are relatively the same 
to a previous report.8 The NMR spectra for this compound are outlined in 
Appendix A.  
 
Table 4.1: 13C NMR chemical shifts of carbon in mono-6-tosyl β-CD..
Carbon 
atom 
C-1 C-2 C-3 C-4 C-5 C-6 C-6’ C-7 C-8 C-9 C-10 -CH3
δ/ppm 101.9 72.8 73.1 81.5 72.1 59.9 68.0 144.9 132.7 129.9 127.6 21.2 
 
Furthermore, the IR spectra showed the S=O asymmetric and symmetric 
stretches at 1295 cm-1 and 1157 cm-1, respectively. The melting point (172-176 
oC) and Rf value of this classic compound are in agreement with literature 
values.9 
 
4.2.2 Synthesis and characterization of 6-monosubstituted β-CD derivatives 
 
4.2.2.1 Mono-6-diethylamino β-CD 
 
Treatment of recrystallized β-CDOTs with diaminoethane in DMF at elevated 
temperatures led to the formation of the diethylamino CD derivative 4. Typically, 
the cyclodextrin tosylate was dissolved in small amounts of DMF, followed by 
dropwise addition of the amine. Thereafter, the reaction mixture was stirred 
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under argon at 70 oC for 8 hours. Recrystallization in hot water afforded this 
compound in good homogeneity and in satisfactory yields (67%) which compares 
favourably to the 65% yield obtained by previous researchers.10  
 
In this reaction, the tosyl group is displaced through nucleophilic substitution by 
the diaminoethyl group. The complete disappearance of the tosyl group in the 
aromatic region of both the 1H (7.76 ppm and 7.44 ppm) and 13C NMR (128 to 
145 ppm) spectra provided evidence for CD amination. Other important peaks 
observed from the 1H NMR spectrum were as follows: a singlet at 4.81 ppm 
assigned to the anomeric protons, a new singlet at 2.07 ppm assigned to the 
methylene protons of the diaminoethyl group. The N-H signals are thought to be 
embedded in the multiplet featuring in the region 3.72-3.45 ppm. The carbon 
NMR chemical shifts of this compound are listed in Table 4.2. 
 
Table 4.2: 13C NMR chemical shifts, δ (ppm), of carbon in mono-6-
diaminoethyl β-CD in DMSO-d6.
 
The NMR data in the table above reveals that there are two additional carbon 
atoms at 54.1 ppm and 48.3 ppm which were introduced during the synthesis of 
compound 4. These signals were assigned to the NH-C and NH2-C of the 
diaminoethyl group in that order. The resonances of C-1 to C-5 were not greatly 
affected. However, the resonance of the substituted carbon (C-6’) at 67.5 ppm 
was greatly shifted. This fact constituted evidence that the substitution occurred 
on the primary hydroxyls of the CD macrocycle. 
Carbon 
atom 
C-1 C-2 C-3 C-4 C-5 C-6 C-6’ NH-C NH2-C
δ/ppm 101.1 72.81 72.84 81.9 73.7 59.2 67.5 54.1 48.3 
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4.2.2.2 Mono-6-acetyl β-CD 
 
The acetylating method was adopted with minor modifications from a previous 
procedure.11 The method involved the reaction of a DMF solution of β-CD with 
acetyl chloride (as an acetylating reagent) in the presence of a hydrogen chloride 
acceptor (diisopropylamine). The reaction was performed at very low 
temperatures (-30 oC) under a weak stream of argon gas. 
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Figure 4.6: The structure of mono-6-acetyl- β-cyclodextrin. 
 
Yet again, it was easily concluded from the IR and NMR spectra that the acetyl 
group was successfully incorporated onto the CD backbone, in the 6-position 
(Figure 4.6). The appearance of a sharp strong peak (1651 cm-1) and a small 
signal at 162 ppm in the respective IR and 13C NMR spectra of the target 
compound were identified as the carbonyl group (C=0). In addition, there was a 
new carbon peak at 34 ppm which was inferred to the methyl carbon of the acetyl 
group. Once again, carbon signals of the CD backbone (C-1 to C-5) were not 
significantly affected. The singlet peak for the OH-6 at 4.46 ppm integrated for 6 
protons, while the secondary hydroxyl groups (OH-2 at 5.72 ppm (d) and OH-3 at 
5.67 ppm (s)) integrated for 7 protons each. This confirmed that the substitution 
had occurred at the 6-position of the CD. 
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4.2.3 Synthesis and characterization of 2-monosubstituted β-CD derivatives 
 
As noted earlier, the C-2 hydroxyl groups are more acidic than the C-6 hydroxyl 
groups. This characteristic was exploited by using sodium hydride (NaH) as a 
strong base under anhydrous conditions to deprotonate the C-2 secondary 
hydroxyl groups of the CD macrocycle. Generally, the reaction involved 
dissolving the CD in small amounts of DMF, followed by the addition of small 
amounts of the deprotonating reagent (Scheme 4.1). The resultant milky mixture 
was then stirred vigorously at room temperature for 1 day in an inert atmosphere. 
 
OH
Cyclodextrin
HO OH
OH
HO O-Na+
Cyclodextrin oxyanion
NaH
2 224 hours
DMF
 
Scheme 4.1: The deprotonation reaction of the C-2 OHs of the β-CD. 
 
Addition of benzoyl chloride to the oxyanion produced the corresponding ester 6 
at a yield of 58%.  The aromatic signals in the region 7.40-7.44 ppm (multiplet) 
and two doublets at 7.22 ppm and 7.56 ppm (representing all the other aromatic 
protons of the ring) were observed in the 1H NMR spectrum. The anisotropic 
effects associated with the carbonyl group are responsible for the deshielding of 
the aromatic protons at C-8 and C-8’ of this compound. The broad multiplet 
appearing in the region 5.56-5.80 ppm integrated for 13 protons and was 
interpreted as the OH-2 and OH-3 protons.  
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Successive appearance of the aromatic carbon peaks at five different regions in 
the 13C NMR spectrum accounted for all the carbons including the quaternary 
carbon (126 ppm, 128 ppm, 130 ppm, 133 ppm and 145 ppm). This confirmed 
successful incorporation of the benzoyl group. There is no doubt that the benzoyl 
group was successfully built into the backbone of the CD in the 2-position. A 
carbonyl (C=O) peak was observed in the IR and 13C NMR spectra at 1660 cm-1 
and 157.6 ppm, respectively. This evidence was adequate to confirm successful 
synthesis of this white CD derivative. 
 
The addition of methyl iodide to the deprotonated CD yielded the methyl ether 7 
at less satisfactory yields (49%) under non-optimized conditions. The proton 
NMR chemical shifts of this compound are almost similar to those of the 
unmodified CD. However, in the upfield region, there is a small singlet at 1.23 
ppm which integrated for 3 protons and was assigned to the methyl group. In 
addition, there was a slight integral change in the OH-2 of the methylated CD in 
comparison to the primary hydroxyl groups. The 13C NMR spectrum shows an 
additional peak at δ = 53.8 ppm assigned to the methyl group carbon. Mono-
methylation of the β-CD was, therefore, successfully achieved.  
 
Finally, the treatment of the CD oxyanion with allyl bromide yielded the allyl 
derivative 8 in a yield of 36% after workup.  
OH
OH
HO O
OH
HO
NaH
Allyl bromide
23
6
7
8
9
 
Scheme 4.2: Synthesis of mono-2-allyl β-CD. 
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As the 1H NMR data of this compound showed signals of impurities, it may be 
necessary to further establish the purity of this material. While assignment of 
some peaks in the 1H NMR spectrum was ambiguous, characteristic allyllic peaks 
in the 13C NMR spectrum were spotted at the expected regions (136 ppm (C-8), 
115 ppm (C-9) and 72 ppm (C-7)). These values corresponds with the literature 
values, which are 134.8 ppm, 117.7 ppm and 72.4 ppm, respectively.12 
 
All the monofunctionalized CD derivatives were therefore synthesised 
successfully and produced at reasonably high yields and were, as shown in 
Table 4.3, obtained either as powders or solid granules. 
 
Table 4.3: Yields and physical appearances of the β-CD derivatives 
synthesized.  
 
CD derivative Melting points (oC) Colour and form Yield (%)
6-CDOTs 172-176 White fine powder 69 
6-CDOAm 192-195 (dec.) Yellow-brown solid 67 
6-CDOAc 160-164 (dec.) White solid material 74 
2-CDOBz 188-190 (dec.) 
White solid 
granules 
58 
2-CDOMe 205-207 White fine powders 49 
2-CDOAllyl 268-270 (dec.) White solid 36 
6-CDOTs:Mono-6-tosylCD, 2-CDOAllyl:Mono-2-allylCD, 2-CDOBz:Mono-2-benzoylatedCD, 6-
CDOAc:Mono-6-acetylCD, 2-CDOMe:Mono-2-methylCD, 6-CDOAm:Mono-6-diaminoethylCD. 
*Dec = the material was decomposing at its melting point. 
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The melting points of these CD derivatives are not significantly different with the 
exception of 2-CDOAllyl and 2-CDOMe, which exhibit melting points above 200 
oC. Such melting points are similar to those of the unfunctionalized β-cyclodextrin 
molecule (290-300 oC). Whilst most of the CD derivatives decomposed at their 
melting points, 6-CDOTs and 2-CDOMe were obtained as white fine powders 
and were not accompanied by decomposition. The successful preparation of 
these modified CD compounds in such good yields (36-74%) allowed us to 
prepare polymer derivatives using complementary bifunctional linkers. 
 
4.3 Synthesis and characterization of the monofunctionalized CD polymers 
 
Cyclodextrin chemistry continues to present an assortment of possibilities to 
produce diverse derivatives, including polymers, with different functionalities. 
Efficient cross-linkers convert the parent CDs into three dimensional, nanoporous 
polymers. The degree of cross-linking can be fine-tuned to give either hydrophilic 
or hydrophobic polymers with “molecular hosts” that can trap targeted organic 
compounds. 
 
Cross linkers used in this research work have been successfully employed in our 
laboratory and elsewhere to synthesize insoluble cyclodextrin polymers from the 
corresponding monofunctionalized β-cyclodextrins. The linkers utilized in this 
study were hexamethylene diisocyanate (HDI), toluene-2,4-diisocyanate (TDI), 
adipoyl dichloride (ADP) and epichlorohydrin (EPC) and their structures are 
shown in Figure 4.7. 
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Figure 4.7: The structures of the linkers used to synthesize polymers. 
 
4.3.1 Synthesis and characterization of the diisocyanate CD polymers 
 
All the polymers formed are insoluble in water and it was impossible to do the 
characterization of these compounds with the NMR instruments at our disposal. 
NMR characterization can only be achieved by solid state NMR spectroscopy.13 
Characterization was however performed by IR spectroscopy. The polymers 
were prepared by adding HDI or TDI to a DMF solution of the monofunctionalized 
CD. The resulting solution was then stirred at elevated temperatures (Scheme 
4.3). Large amounts of acetone were added to precipitate the polymers and this 
was followed by filtration and drying of the resulting polymer. 
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Scheme 4.3: Synthetic scheme for a monofunctionalized CD polymer 
prepared from HDI. 
 - 79 -
Figure 4.8 shows the disappearance of the isocyanate peak at 2270 cm-1, which 
was used as a control for monitoring the progress of the polymerization 
reactions. 
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Figure 4.8: The IR spectra illustrating the disappearance of the isocyanate 
peak during the formation of the mono-2-benzoylated CD polymer prepared 
from HDI; (a) CD/HDI/DMF solution after 1 hour, (b) CD/HDI polymer after 24 
hours. 
 
It is observed from the spectra above that the diisocyanate peak was visibly 
prominent after an hour (a), but was reduced significantly as the reaction 
progressed. After 24 hours of reaction (b) with the CD derivative the peak had 
completely disappeared.  The development of vibration bands at 3370 cm-1 (N-
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H), C=O at 1610 cm-1 and NH-CO groups at 1500 cm-1 also confirmed the 
successful synthesis of the derived nanosponges. The broad peak in the range of 
3250-3540 cm-1 represents the O-H and N-H stretching. The synthesis and 
characterization of other HDI and TDI-linked derivatives were carried out in a 
similar manner. It is important to note as well that the isocyanate peak for TDI 
appears at the same wavelength as that of HDI (2270 cm-1). 
 
Several main absorption bands were observed at different wavenumbers for the 
various nanosponges and were interpreted as follows. A wide band was 
observed in the region 3550-3275 cm-1 in the spectra of 6-CDOAm/TDI and 6-
CDOAm/HDI. This broad band was attributed to the O-H and N-H stretching and 
its width was ascribed to the formation of inter and intramolecular hydrogen 
bonds. This is indicated in Figure 4.9. Furthermore, the strong band at 1675 cm-1 
was assigned to the C=O group of the linker. The absorption bands at 2915 and 
2870 cm-1 belonged to the C-H stretching. 
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Figure 4.9: IR spectrum of 6-CDOAc/TDI. 
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The benzoylated polymers (2-CDOBz/TDI) still bore a sharp carbonyl peak at 
1660 cm-1 even after the polymerization reactions. The allylated diisocyanate 
polymers showed bands at 1637 cm-1 and they were credited to the C=C 
stretches of the allyl group. A band at 1657 cm-1 in the spectrum of 6-CDOAc/TDI 
represents stretching of the C=O group and the one at 1100 cm-1 was caused by 
the stretching of the C-O group.  
 
While it was difficult to trace the presence of some useful peaks of the 
substituents in the IR spectra of some polymers, specific significant stretches 
were utilized to endorse the successful synthesis of these nanoporous polymers. 
In the spectrum of 2-CDOMe/HDI (Figure 4.10), the band at 2875 cm-1 
represents the stretching of the C-H group while the one at 2970 cm-1 reflected 
the stretching of the C-H (CH3) bonds and finally the small band at 1120 cm-1 
was attributed to the isocyanate C-O bond. 
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Figure 4.10: IR spectrum of 2-CDOMe/HDI. 
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As illustrated in the IR spectra of these compounds, the diisocyanate peak 
completely disappeared for all the CD polymers. Therefore, it can be concluded 
that the syntheses of the polymers was achieved successfully. Table 4.4 outlines 
the functional groups attached to the cyclodextrin as well as the yields obtained 
for each of the diisocyanate polymers. 
 
Table 4.4: Table revealing the yields and linkers used for the different 
monofunctionalized diisocyanate CD polymers. 
CD polymer R Group in CDR Linker Yields (%) 
CDHDI - HDI 100 
2-CDOBz/HDI -COPh HDI 95 
6-CDOAc/HDI -COCH3 HDI 89 
2-CDOMe/HDI -CH3 HDI 100 
2-CDOAllyl/HDI -CH2CHCH2 HDI 100 
6-CDOAm/HDI -NHCH2CH2NH2 HDI 100 
CDTDI - TDI 100 
2-CDOBz/TDI -COPh TDI 95 
6-CDOAc/TDI -COCH3 TDI 89 
2-CDOMe/TDI -CH3 TDI 100 
2-CDOAllyl/TDI -CH2CHCH2 TDI 100 
6-CDOAm/TDI -NHCH2CH2NH2 TDI 100 
             *CDR: Monofunctionalized CD 
 
When the clear solution of the CD derivatives and the diisocyanate linkers was 
heated up to 70 oC for a long period of time (24 hours), white solid products were 
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obtained with 89 to 100% yields after the removal of DMF and overnight high 
vacuum drying.  All the monofunctionalized polymers obtained were insoluble in 
water as well as other organic solvents (e.g. DMSO and DMF). 
 
4.3.2 Synthesis and characterization of the ADP and EPC CD polymers 
 
The monofunctionalized ADP polymers were prepared by first deprotonating the 
C-2 secondary hydroxyl groups of the monofunctionalized CDs, followed by the 
addition of excess adipoyl dichloride. It may be necessary to mention that, since 
the β-CD was monofunctionalized (not per-functionalized), not all the OHs were 
substituted during monofunctionalization reactions. The hard, amorphous 
polymeric material formed was insoluble in water. It was obtained in quantitative 
yields after washing several times with acetone to remove residual DMF. This 
was followed by an overnight drying of the polymer under vacuum. IR 
spectroscopy was very useful in monitoring the vibrational changes during the 
course of the reaction.  
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Figure 4.11: IR spectra of (a) 6-CDOAc/ADP and (b) 6-CDOAm/ADP. 
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The spectra shown in Figure 4.11 displays comparison between the IR spectrum 
of 6-CDOAc/ADP (a) and 6-CDOAm/ADP (b). In the spectrum of 6-CDOAc/ADP, 
the band for C=O occurred at 1765 cm-1, that for O-H appeared at 3500 cm-1 and 
that for C-O appeared at 1075 cm-1. For the polymer (6-CDOAm/ADP), notable 
peaks observed were found at 3450 cm-1, 2910 cm-1, 1740 cm-1 and 1100 cm-1 
and these were interpreted as O-H, C-H, C=O, and C-O, respectively. While all 
the polymers indicated similar basic plots, reduction in the O-H peaks at about 
3450 cm-1 and the appearance of the C=O bands at around 1660 cm-1 confirmed 
successful formation of the ADP polymers. 
 
Finally, the addition of excess epichlorohydrin in the CD derivative solution in 
alkaline conditions yielded insoluble polymers. The difference between the IR 
spectra of the monofunctionalized CDs and the polymers suggest that 
polymerization has indeed occurred. The IR spectra also showed that the O-H 
peaks at about 3390 cm-1 were reduced significantly after polymerization 
reactions. Meanwhile, the similarities (appearance of O-H, C-H and C-O 
stretching) between the spectra of the monofunctionalized CDs and those of the 
polymers indicate that the basic structural units are preserved in the EPC 
polymers. 
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Figure 4.12: IR spectrum of 6-CDOAm/EPC. 
 
The spectrum for 6-CDOAm/EPC (Figure 4.12) showed an absorption band at 
1750 cm-1 which was described as the carbonyl group of the polymer. The 
spectrum showed typical C-O stretching at 1050 cm-1 and C-N stretching at 1400 
cm-1. All the other polymers were basically characterized using the same 
approach. The functional groups attached to the cyclodextrin and the yields 
obtained for each of the ADP and APC polymers are listed in Table 4.5. 
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Table 4.5: Table revealing the yields of the monofunctionalized ADP and 
EPC CD polymers. 
CD polymer R Group in CDR Linker 
Yields 
(%) 
CD/ADP - ADP 60 
2-CDOBz/ADP -COPh ADP 75 
6-CDOAc/ADP -COCH3 ADP 70 
2-CDOMe/ADP -CH3 ADP 70 
2-CDOAllyl/ADP -CH2CHCH2 ADP 75 
6-CDOAm/ADP -NHCH2CH2NH2 ADP 60 
CD/EPC - EPC 55 
2-CDOBz/EPC -COPh EPC 65 
6-CDOAc/EPC -COCH3 EPC 62 
2-CDOMe/EPC -CH3 EPC 62 
2-CDOAllyl/EPC -CH2CHCH2 EPC 65 
6-CDOAm/EPC -NHCH2CH2NH2 EPC 60 
           *CDR: Monofunctionalized CD 
 
The EPC polymers were obtained at yields lower (55 to 65%) than those of the 
hard-amorphous ADP polymers (60 to 75 %). All EPC polymers were sticky and 
adhesive. This caused difficulties in handling them during work up procedures 
and were thus obtained at lower yields. As shown in Table 4.5, 2-CDOBz/ADP 
was obtained with the highest yield (75%) whereas CD/EPC was produced at 
very low yield (55%). While the average yield for the ADP polymers was 70%, the 
one for EPC polymers was found to be 60%. 
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4.4 Thermal analysis of the CD polymers 
 
In an attempt to study the thermal properties of the polymers TGA and DSC 
analysis of the polymers were carried out. Thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) represent first choice analytical tools for 
accurate thermal characterization of the solid state behaviour of the CD polymers 
in terms of water release energies.14 In addition to these well known 
thermoanalytical techniques used for studying the thermal properties of these 
starch based compounds, the following techniques are also gaining increasing 
importance: Differential thermal analysis (DTA), Thermogravimetric-mass 
spectroscopy (TG/MS), TG/DTA-MS and XRD. 
 
All these instruments allow for the determination of mass and heat flow changes 
simultaneously with the structural identification of sample and/or decomposition 
products. The TGA and DSC are however considered very reliable and relatively 
fast methods for studying the thermal stability of CD polymers.15 
 
4.4.1 Thermogravimetric analysis 
 
As highlighted earlier the TGA experiments were performed by a Perkin Elmer 
instrument within a wide temperature range (50-800 oC). Typically, the sample 
was suspended in a pan of low mass and placed in the instrument’s furnace. The 
pan is made out of an inert material and the sample is evenly distributed in the 
pan to facilitate the removal of gases that are evolved. The results are not 
recorded as an absolute mass loss/gain but rather as a percentage mass 
change. All the experiments were carried out in the same heating rate (10 
oC/min) in an inert atmosphere (under nitrogen gas).  
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The thermal behaviour of the monofunctionalized CD polymers showed very 
similar general features when studied with TGA. Differences could only be found 
in the water content, onset temperatures and mass loss values at given 
temperatures. Thermoanalytical profiles of these compounds were divided into 
four different regions suggesting a four step process. These were interpreted as 
follows: 
 
(i) The first step, which occurred from ambient temperature to about 250 
°C, can be interpreted as loss of water. 
(ii) The second (300 oC) and third (410-500 oC) weight loss steps account 
for most of the weight loss and are associated with the formation of a 
residue of the CD polymer. 
(iii) The fourth step, which occurred at temperatures over 500°C, can be 
related to a relatively slow degradation of the residue. 
 
Figure 4.13a, 4.13b and 4.13c show TGA curves representing the changes of 
weight as a function of temperature of a standard polymer, a HDI-linked polymer 
(2-CDOBz/HDI), a TDI-linker polymer (2-CDOBz/TDI), an ADP-linked polymer (2-
CDOBz/ADP) as well as an EPC-linked polymer (2-CDOBz/EPC). The figures 
also explain the different weight loss steps observed. 
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 Figure 4.13a: TGA curve of a standard polymer (CD/HDI polymer).17 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.13b: TGA curve of a monofunctionalized CD polymer (2-
CDOBz/HDI polymer). 
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 Figure 4.13c: TGA curves of: (a) 2-CDOBz/ADP and (b) 2-CDOBz/EPC. 
 
Whist most of the polymers had similar profiles, the four weight loss steps were not 
essentially observed in the TGA curves of some of the nanoporous polymers. 
Some polymers had different onset temperatures of each weight loss step and the 
TGA profiles were therefore not entirely the same, although the basic graphs were 
identical. Table 4.6 shows the temperature ranges and onset temperatures of 
different weight loss steps of the polymers which had profiles different from those 
of most of the functionalized polymers. 
 
Table 4.6: 1st, 2nd, 3rd and 4th % weight loss steps in the TGA curves of some 
monofunctionalized polymers. 
CD polymer 
1st weight loss
(oC) 
2nd weight 
loss (oC) 
3rd weight loss
(oC) 
4th loss weight
(oC) 
CD/HDI 50-200 300 410 490 
6-CDOAc/TDI 60-250 210-300 - 510 
2-CDOMe/TDI 50-200 210-310 - 350 
6-CDOAc/ADP 80-250 300 390 - 
2-CDOMe/ADP 50-200 250-310 390 520 
2-CDOAllyl/EPC 80-260 300 410 510 
(b) 
(a) 
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As indicated in Table 4.6, the third weight loss step was not observed in the TGA 
curve of 6-CDOAc/TDI and 2-CDOMe/TDI. It was also difficult to ascertain from 
the graph degradation temperature of 6-CDOAc/ADP. With the exception of 2-
CDOMe/HDI, which starts degrading at 350 oC, all the polymers start degrading 
at around 500 oC. The TGA curves of other selected polymers are outlined in 
Appendix C. 
 
4.4.2 Differential scanning calorimetry analysis 
 
This is one of the most significant thermal analysis techniques in monitoring the 
thermoanalytical events of CD polymers. The difference in temperature is 
measured between the sample and a reference material which are both 
subjected to the same heating programme.16 DSC analyses of the 
monofunctionalized CD polymers were performed with a Mettler Toledo DSC 
822e Analyzer. The heat flows and temperatures associated with chemical 
transitions of the polymers were measured.  The samples were heated at a 
constant rate of 10°C/min in a DSC pan and the average mass of each sample 
was 15 mg. 
 
DSC thermal events are usually detected by deviations from the baseline. Since 
the thermal conductivity of the reference material and the sample are different, it 
is mostly difficult to determine the baseline. The DSC curve is primarily 
characterized by the shape of the peak, size and temperature. If an endothermic 
event takes place in the sample, the sample temperature will lag behind that of 
the reference; the profile will be curved downwards. However, if exothermic 
events are recorded it curves upwards. 
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Generally, the DSC curves of the polymers investigated in this study showed two 
characteristic endothermic peaks; one at about 95 oC corresponding to the 
boiling point of water and the other small endotherm at approximately 250 oC 
corresponding to the melting point of the polymers. Degradation of the polymer 
occurred at temperatures above 300 oC.  Figure 4.14a and 4.14b shows 
comparison between a DSC curve of the standard polymer (CD/HDI) and that of 
2-CDOBz/HDI polymer. The basic profile of the monofunctionalized CD polymer 
compares to a large extent to that of the standard polymer. This was a common 
observation in the DSC curves of the majority of the monofunctionalized CD 
polymers, with the exceptions noted later in this section. 
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 Endothermic peak (EP) 1 
 
Figure 4.14a: A DSC curve of a standard polymer (CD/HDI polymer). 
Figure 4.14b: A DSC curve of a monofunctionalized polymer (2-
CDOBz/HDI). 
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Figure 4.15: A DSC curve of 6-CDOAm/HDI polymer. 
 
 
 
 
 
 
Start of degradation  
Figure 4.16: A DSC curve of 2-CDOMe/TDI polymer. 
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hilst the DSC curves for most monofunctionalized CD polymers are analogous 
to those of the standard polymers, there were a few curves which had 
insignificant differences in shape and in the appearance of endothermic peaks as 
well as degradation steps. The curve of 6-CDOAm/HDI (Figure 4.15) showed 
three different peaks at different regions: 100 oC, 160 oC and at 260 oC. With the 
exception of a broad peak in the melting point region for 2-CDOMe/TDI, the 
curve for this methylated CD polymer (shown in Figu ) displays a similar 
profile to that of 6-CDOAm/HDI. Whereas the degradation of 6-CDOAm/TDI 
occurred at the normal temperature (above 300 oC), loss of moisture could be 
detected at 70 oC. There is also no endotherm at 250 oC in the curve of this 
compound, thus its melting temperature could not be ascertained
 
The DSC profiles of 6-CDOAc/HDI and 6-CDOAc/TDI were both similar to that of 
 DSC curve of 2-CDOMe 
ccurred at 90 oC and the peak at 250 oC representing the melting point was 
 
With the minor exceptions noted in the discussion above, the TGA and DSC plots 
h
lity of the polymers. Alike their unfunctionalized 
W
re 4.16
.  
6-CDOAm/TDI explained above. The loss of water in the
o
noted. Another unusual observation was a small peak appearing at 60 oC and 70 
oC for 2-CDOAllyl/TDI and 2-CDOBz/EPC, respectively. Degradation of the 
residue of these two compounds was however observed in the normal place 
(above 300 oC). The DSC curves for other polymers are outlined in Appendix B. 
4.4.3 Conclusion 
 
reveal that the monofunctionalized CD polymers ave similar t bilities 
compares to their unsubstituted counterparts. Therefore, it can be concluded that 
the introduction of the functional groups in the backbone of the CD macrocyle did 
hermal sta
not affect the thermal stabi
polymers, the monofunctionalized CD polymers are stable over an extensive 
range of temperatures (100 oC – 400 oC). 
 
4.5 Absorption studies of the monofunctionalized CD polymers 
 
4.5.1 Introduction 
Since all the nanoporous polymers synthesized were insoluble in water, they 
render a very important feature in the removal of organic pollutants from water. 
They have been successfully investigated for their abilities to absorb high priority 
organic contaminants (p-nitrophenol and pentachlorophenol) from water. The 
insoluble CD polymers were deliberately placed in an aqueous solution 
containing known concentrations of the model organic pollutant. The results 
obtained from UV-Visible Spectroscopy and GC-MS analysis are discussed 
individually below. 
 
4.5.2 UV-Visible spectroscopy results 
 
p-Nitrophenol (PNP) was chosen as a model pollutant because it is highly soluble 
in water and is one of the priority pollutants that can be easily monitored by UV-
visible spectroscopy. PNP is also a potential skin irritant, is corrosive to the eyes 
and has a relatively high acute toxicity by the oral route.17 The UV absorbance of 
the PNP water samples was measured before and after treatment with the CD 
polymers. The UV-absorbance of the PNP water samples was measured at 318 
nm (wavelength of maximum UV-absorption).  
 
Typically, 300mg of each monofunctionalized CD polymers were weighed and 
placed in a 250mL Erlenmeyer flask. To the flask, 200mL of the PNP standard 
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sample (10 mg/L) were carefully added and sealed with a rubber stopper. The 
contents of the flask were shaken using a mechanical stirrer at a constant rate for 
0 minutes and thereafter filtered-off using Whatman-5 ashless filter paper.  
hile the polymers were in solution it was observed that they gradually assumed 
3
 
W
the yellow colour of the organic pollutant. The UV absorbance of the filtrate was 
then measured using a CARY 50 UV Spectrophotometer. Finally, the calibration 
curve was plotted and used to determine the residual filtrate concentration of 
each sample from which the amount of the pollutant absorbed by the polymer 
was determined. The absorption efficiency was determined using the equation 
%100×−
o
o
C
CC  where C  and C refer to the initial feed (i.e. before absorption) and o
nal (i.e. after absorption) concentrations, respectively. 
anic 
ollutant. The highest absorption efficiencies for PNP were obtained with 2-
 
 
fi
 
4.5.2.1 Absorption capabilities of the diisocyanate polymers 
 
From the absorption efficiency values, it has been established that different 
monofunctionalized CD polymers exhibit different affinities for this org
p
CDOBz/HDI and 2-CDOBz/TDI polymers and are 69% and 70%, respectively 
(Table 4.7a and 4.7b). The methylated polymers (2-CDOMe/HDI and 2-
CDOMe/TDI) have the lowest efficiencies (50 and 51%, respectively). The 
average absorption efficiencies of all the monofunctionalized HDI and TDI CD 
polymers were determined by calculating their mean and are 60% and 55% 
respectively.  
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Table 4.7a: Results obtained after treating 10 mg/L PNP water samples  
Polymer type Concentration after Absorption efficiency 
with monofunctionalized HDI-linked β-CD polymers. 
absorption (C) /mg/L 
%100×−
o
o
C
CC
 
CDHDI 4.20 58 
6-CDOAm/HDI 4.79 52 
6-CDOAc/HDI 3.52 65 
2-CDOBz/HDI 3.10 69 
2-CDOMe/HDI 5.00 50 
2-CDOAllyl/HDI 4.25 57 
*Concentration before absorption (Co): 10mg/L; λabs (PNP): 318nm; Mass of 
polymer: 300mg 
 
 
Table 4.7b: Results obtained after treating 10 mg/L PNP water samples  
with monofunctionalized TDI-linked β-CD polymers. 
Pol Concentration after 
absorption (C) /mg/L 
Absorption efficiency ymer type 
%100×−
o
o
C
CC  
CDTDI 4.30 57 
6-CDOAm/TDI 4.73 53 
6-CDOAc/TDI 4.77 52 
2-CDOBz/TDI 2.95 70 
2-CDOMe/TDI 4.90 51 
2-CDOAllyl/TDI 4.77 52 
*Concentration before absorption (C ): 10 mg/L; λ  (PNP): 318 nm; Mass of 
polymer: 300 mg 
o abs
 - 99 -
From the comparison of these values with those of the standard polymers (58% 
r CD/HDI and 57% for CD/TDI), it can be concluded that the 
est 
 in a manner which is 
comp sorp lym
 
 
4.5.2.2 A on capabilities  ADP and EPC polymers 
 
The a eriments for DP and EPC polymers were carried out 
under similar conditions using the same procedures used for the diisocyanate 
monofunctionalized polymers. Among these polymers, the 2-CDOBz/ADP 
polym hest absorp ercentage (77%) while 2 OBz/EPC and 
6-CD tion 
efficiencies iderably significant and all these values are higher than 
fo
monofunctionalized CD polymers are capable of absorbing the organic gu
molecule (PNP) from water samples at mg/L levels,
arable to the ab tion of the standard po ers.  
bsorpti of the
bsorption exp the A
er gave the hig tion p -CD
Am/EPC polymers absorbed 70% each. The differences in the absorp
 are cons
those of the standard polymers (unfunctionalized polymers) which are 67% and 
70% for CD/ADP and CD/EPC, respectively. The lowest absorption efficiencies 
were obtained with 2-CDOMe/ADP and 2-CDOMe/EPC and both had absorption 
efficiencies of 50%. Table 4.8 shows the absorption efficiency results of all the 
ADP and EPC-linked CD polymers investigated in this study. 
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Table 4.8: Results obtained after treating 10 mg/L PNP water samples 
with monofunctionalized ADP-linked and EPC-linked β-CD polymers. 
Polymer type Concentration after 
absorption (C) /mg/L 
Absorption efficiency 
%100×−
o
o
C
CC
 
CD/ADP 3.32 67 
6-CDOAm/ADP 3.20 68 
6-CDOAc/ADP 3.52 65 
2-CDOBz/ADP 2.30 77 
2-CDOMe/ADP 4.95 50 
2-CDOAllyl/ADP 3.20 68 
CD/EPC 3.05 70 
6-CDOAm/EPC 2.95 70 
6-CDOAc/EPC 4.75 52 
2-CDOBz/EPC 2.95 70 
2-CDOMe/EPC 5.00 50 
2-CDOAllyl/EPC 3.75 62 
*Concentration before absorption (Co): 10 mg/L; λabs (PNP): 318 nm; Mass of 
p olumeolymer: 300 mg; V  of PNP used: 200 mL 
 
 
Generally, the EPC and ADP polymers exhibit improved absorption efficiencies 
at suc  levels (10m he diiso mers 
and their absorption efficiencies are generally better compared to their standard 
polyme  concentratio
 
 
 
h concentration g/L) compared to t cyanate poly
rs at such high ns.  
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4.5.3 GC/MS results 
 
4.5.3.1
 
In a pared by 
spiking deionized water with known concentrations of pentachlorophenol (PCP). 
ed for this study because it is toxic and is currently one of 
the priority organic contaminants that are a major concern for environmental 
bodies. Furthermore, It is readily available in our laboratory and has been 
previously used in a related study in our research group. All the PCP water 
samples for this compound were prepared at 100 µg/L concentrations. Before 
any analysis of trace compounds could be carried out, pre-concentration of the 
samples was performed using an SPE. This step was crucial because of the low 
els of this organic pollutant in the water samples. As highlighted 
earlier the preconcentation procedure consisted of the following four steps: 
 sample loading, and finally elution.  
 
entation was modified from Method 525.2 of the 
Environmental Protection Agency (EPA), which is used for the determination of a 
wide variety of semi-volatile organics including PAHs, pesticides and PCBs in 
drinking water. Our GC/MS demonstrated a very low detection limit, which made 
it particularly suitable for this analysis. The detection limit was determined by 
preparing a series of the standard samples under dilution and injecting them into 
the GC/MS column. The instrument could detect compounds up to 10ng/L. Such 
a low detection limit was very important in this study because the principal aim of 
this study was to investigate the performance of the polymers at such low 
concentrations (µg/L levels) as they occur in natural waters. 
. 
 Introduction 
parallel study, samples of a much lower concentration were pre
The PCP was select
concentration lev
washing, conditioning,
The method used for the preconc
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4.5.3.2 Absorption studies of diisocyanate polymers 
 
A summary of the absorption efficiencies of different monofunctionalized 
iisocyanate polymers on a 100 µg/L sample is outlined in Table 4.9a and 4.9b. d
The polymers demonstrate absorption efficiencies ranging between 70-100%. 
These values are however comparable to the absorption efficiencies of the 
standard CD polymers. The benzoylated and allylated polymers showed the 
highest absorption efficiency of 100%.   
 
Table 4.9a: Results obtained after treating 100 µg/L PCP water samples 
with monofunctionalized HDI-linked β-CD polymers. 
Polymer type 
Concentration after 
absorption (C) /µg/L 
Absorption efficiency 
%100×−
o
 o
C
CC
CDHDI ND 100 
6-CDOAm/HDI 11 89 
6-CDOAc/HDI 29 71 
2-CDOBz/HDI ND 100 
2-CDOMe/HDI 30 70 
2-CDOAllyl/HDI ND 100 
*ND: Not detected, m/z (PCP) = 266, TR (PCP) = 11.995; Concentration before 
absorption (Co): 100 µg/L; Mass of the polymer used: 500 mg; Volume of sample 
used: 500 mL 
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Table 4.9b: Results obtained after treating 100 µg/L PCP water samples 
with monofunctionalized TDI-linked β-CD polymers. 
Pol e Concen
absorption (C) /µg/L 
Absorption iency ymer typ tration after  effic
%100×−
o
o
C
CC
 
CDTDI ND 100 
6-CDOAm/TDI 43 57 
6-CDOAc/TDI ND 100 
2-CDOBz/TDI 5 95 
2-CDOMe/TDI 25 75 
2-CDOAllyl/TDI 10 90 
*ND: Not detected, m/z (PCP) = 266, TR (PCP) = 11.995; Concentration before 
absorption (Co): 100 µg/L; Mass of the polymer used: 500 mg; Volume of sample 
used: 500 mL 
 
 
While 6-CDOAm/TDI has the lowest absorption efficiency (57%), the average 
ed 
polym e chr e 4.1  peaks 
before and after passing through the 2-CDOBz/TDI and 2-
CDOBz/HDI polymers, respectively. It can be observed from these plots that the 
PCP pea mpletely remove r greatly reduced after passing the PCP 
sample through the polymers. 
absorption efficiency of the HDI-linked polymers is 87% and that of the TDI-link
ers is 84%. Th omatographs (Figur
 the water samples 
7 and 4.18) show PCP
k is co d o
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Figure 4.17: GC/MS chromatographs showing treatment of a 100 µg/L 
sample with a 2-CDOBz/TDI polymer. 
 
 
 
10 11 12 13 14 15 16minutes
0.0
2.5
5.0
kCounts
7.5
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15.0
17.5
0.0
2.5
5.0
7.5
10.0
12.5
15.0
17.5
kCounts
 
 
11.944 min
(a) 100 µg/L PCP sample before 
treatment with polymer. 
(b) 100 µg/L PCP sample after 
treatment with polymer. 
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 kCounts
2.5
5.0
12.5
Figure 4.18: GC/MS chromatographs showing treatment of a 100
sample with a 2-CDOBz/HDI polymer. 
 µg/L 
10 11 12 13 14 15 16minutes
0.0
7.5
10.0
0
5
10
15
20
kCounts  
11.944 min
(a) 100 µg/L PCP sample 
before treatment with polymer. 
(b) 100 µg/L PCP sample 
after treatment with polymer. 
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4.5.3.3 Absorption studies of ADP and EPC polymers 
 
The absorption efficiency of the monofunctionalized ADP and EPC polymers 
were similar. The highest absorpti n efficiency was observed with the 2-
CDOBz/ADP and 6-CDOAm/ADP, which showed 89% absorption and the lowest 
absorption was observed with 2-CDOAllyl/EPC (69%). These are outlined in 
Table 4.10. 
 
Table 4.10
o
: Results obtained after treating 100 µg/L PCP water samples  
with monofunctionalized ADP and EPC-linked β-CD polymers. 
Polymer type Concentration after 
absorption (C) /µg/L 
Absorption efficiency 
 
CD/ADP 15 85 
6-CDOAm/ADP 11 89 
6-CDOAc/ADP 30 70 
2-CDOBz/ADP 11 89 
2-CDOMe/ADP 29 71 
2-CDOAllyl/ADP 30 70 
CD/EPC 20 80 
6-CDOAm/EPC 15 85 
6-CDOAc/EPC 30 70 
2-CDOBz/EPC 15 85 
2-CDOMe/EPC 25 75 
2-CDOAllyl/EPC 31 69 
*ND: Not detected, m/z (PCP) = 266, TR (PCP) = 11.995; Concentration 
before absorption (Co): 100 µg/L; Mass of the polymer used: 500 mg; 
Volume of sample used: 500 mL 
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4.5.3.4 Conclusion 
 
The monofunctionalized polymers are therefore very efficient in quenching 
phenolic compounds (PNP and PCP) at very low concentrations in a manner that 
is comparable to their free counterparts (standard polymers).  However, the TDI 
polymers are generally better in the absorption of PCP compared to the HDI 
polymers. The same observation was noted even in the standard polymers.18 
his suggests that the introduction of the various functional groups to the 
r, it 
 over a more 
extens e rang
 
Another important observation was that the 2-substituted CD polymers are 
generally better in the absorption of both organic pollu s investigated, 
compared to the 6-subtituted polym  This observation can b
fact that the readily substituted functional groups at C-6 are free to rotate thus 
effectively blocking the opening of the primary side.  An inferior absorption 
efficiency was observed for PNP at higher concentration (i.e. /L levels). This 
confirms an earlier study’s assertion that the CD polymers are only effective at 
low co e. µg/L level  At such high concentrations (mg/L) it is 
likely that the polymers get easily saturated and thus lose their effectiveness. 
 
However, due to their recyclability efficiency, these polymers could still be more 
effective even at higher concentrations. In recyclability, the polymer is washed 
with ility 
is vit tion of this technology because it allows for 
ost-effectiveness. This is still subject to further investigation. 
T
backbone of the polymers does not alter their absorption capabilities. Howeve
must be stressed that the monofunctionalized polymers are stable
ive temperatur e (100oC – 400oC). 
tant
ers. e supported by the 
 mg
ncentrations (i. s).18
ethanol to remove absorbed organic contaminants in the CD.18 Recyclab
al when evaluating the applica
c
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS 
 
The primary objectives of the study were to synthesize and characterize 
monofunctionalized cyclodextrin polymers and test their abilities in the removal of 
persistent organic pollutants from water. Based on the initial aims of the project it can 
be concluded that this project was a success. The following conclusions and 
recommendations can therefore be made: 
 
5.1 Conclusions 
 
 Practical and simple procedures for monofunctionalization of the hydroxyl 
groups of the CDs have been demonstrated in this study. A wide variety of 
monofunctionalized cyclodextrins have been successfully prepared in 
relatively high yields using straightforward work-up procedures. Sulfonation, 
methylation, allylation, benzoylation, acetylation and amination reactions were 
all carried out using efficient modification strategies. All the novel 
monosubstituted cyclodextrins obtained were satisfactorily characterized with 
IR, 1H NMR and 13C NMR spectroscopic techniques. 
 
 There are basically two methods adopted during the synthesis of these CD 
derivatives. The first approach involved the conversion of the CD moiety to an 
intermediary monotosylate, which was in turn transformed to the 
corresponding functionality. The second method entailed the deprotonation of 
the more acidic hydroxyl groups with a strong base followed by the 
introduction of the desired functional groups. These general methods were 
also utilized in synthesizing other novel important derivatives such as higher 
acyl derivatives. 

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 The remaining hydroxyl gro  of the CD derivatives were 
successfully . The methods 
used for the polymerization reactions successfully produced highly cross-
cessfully prepared in superior yields. The 
polymers were mainly characterized by IR spectroscopy due to their insoluble 
 To test if the polymers could absorb organic pollutants from water, water 
µ
unfunctionalized counterparts. 
 
 
 
 
 
 
ups of each
treated with effective difunctional cross-linkers
linked insoluble nanoporous polymers. This was achieved by reacting the 
monofunctionalized CDs and a corresponding linker and varying the reaction 
conditions to yield polymers with different physical properties and absorption 
abilities. Particularly, toluene-2,4-diisocyanate (TDI), hexamethylene 
diisocyanate (HDI), adipoyl dichloride (ADP) and epichlorohydrin (EPC) linked 
β-cyclodextrin polymers were suc
nature. 
 
samples with low concentrations (100 g/L and 10mg/L) of organic 
contaminants (pentachlorophenol and p-nitrophenol, respectively) were 
prepared. The PCP samples were first pre-concentrated by solid phase 
extraction and successfully analyzed using Gas Chromatography-Mass 
Spectrometry (GC/MS) while the PNP samples were analyzed using UV-
Visible spectroscopy. The nanoporous polymers that were prepared have 
shown good absorption abilities, which compared favourably to their 
As evidenced by the TGA and DSC studies, these monofunctionalized 
polymers are stable over a wide range of temperature (100 – 400°C) and 
have basically similar thermal behaviour with the standard polymers. 
 - 112 -
5.2
 
 
 
 ate NMR and other solid state characterization techniques are 
Further characterization of the CD polymers using circular dichroism is 
necessary for the study of the molecular dimensions of the polymers. 
 
 
 
It is ev
can pr ilor-making the nanosponge polymers to meet 
pecific industry needs. The outcomes of this study are expected to create a 
foun
future.
polyure exagon 
arbons) are incorporated into the cyclodextrin polymers. The resulting 
olyurethanes are expected to exhibit features for absorbing organic pollutants from 
ater systems at very low concentrations while maintaining a higher level of thermal 
tability. 
 Recommendations 
It is evident however that the scope of this project has been focussing on the 
monofunctionalization of the β-CDs. It can be recommended that more work 
be performed on the other types of these starch derivatives (α- and γ-CDs) in 
a quest to mitigate the growing need for the development of cheaper methods 
for the synthesis of modified CDs. Functionalization of the whole set of the 
hydroxyl groups (per-functionalization) may also have a greater effects in 
varying the absorption properties of these compounds. 
Solid st
required for full characterization of these insoluble polymeric compounds. 
A disposal system for dumping the polymers with the organic pollutants needs 
to be developed or developing a method of recovering the pollutants. This can 
be more useful when the polymers are employed at an industrial scale. 
ident from this research that the mono-functionalization of the β-cyclodextrins 
ovide a useful framework for ta
s
dation for the use of cyclodextrin polymers in water purification, in the near 
 Further work pursued in our laboratories involves the synthesis of 
thanes; whereby carbon-nanotubes (basically concentric sheets of h
c
p
w
s
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APPENDIX A 
 
 
 
Selected 1H NMR, 13C NMR and IR spectra of cyclodextrin derivatives. 
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Figure A1: IR spectrum of the β-CDOTs 
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Figure A2: IR spectra of (a) 2-CDOBz/ADP and (b) 2-CDOBz/EPC. 
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APPENDIX B 
________________________________________________________________ 
 
Selected TGA and DSC curves 
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 igure B1
 
F : TGA thermogram of the 2-CDOAllyl/HDI polymer 
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igure B2F : TGA thermogram of 2-CDOAm/HDI polymer 
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Figure B3: TGA thermogram of the 6-CDOAc/TDI polymer 
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Figure B4: TGA thermogram of the 2-CDOMe/TDI polymer 
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Figure B5: A DSC curve of 6-CDOAm/TDI polymer 
 
Figure B6: A DSC curve of 6-CDOAc/HDI polymer 
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Figure B7: A DSC curve of 6-CDOAc/TDI polymer 
 
Figure B8: A DSC curve of 2-CDOMe/HDI polymer 
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Figure B9: A DSC curve of 2-CDOAllyl/APD polymer 
 
Figure B10: A DSC curve of 2-CDOBz/EPC polymer 
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APPENDIX C 
______________________________________________________________ 
 
C1: Selected chromatograms of PCP 
 
Figure C1 to C4 shows the spectrum as well as selected chromatographs of the 
PCP.  The plots shown are only for the polymers that demonstrated 100% 
absorption efficiencies. 
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Figure C1: Chromatogram and mass spectrum of PCP. 
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Figure C2: GC/MS chromatographs showing treatment of a 100 µg/L sample 
ith a 2-CDOAllyl/TDI polymer. 
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Figure C3: GC/MS chromatographs showing treatment of a 100 µg/L sample 
with a 6-CDOAm/ADP polymer. 
8 9 10 11 12 13 14 15 16 17
minutes
5
10
0
5
10
15
20
25
kCounts
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(a) 100 µg/L PCP sample 
before treatment with polymer. 
(b) 100 µg/L PCP sample after 
treatment with polymer. 
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Figure C4: GC/MS chromatographs showing treatment of a 100 µg/L sample 
with a 2-CDOAc/HDI polymer. 
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(b) 100 µg/L PCP sample after 
treatment with polymer. 
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APPENDIX D 
 
 
 
Types of pollutants and their effects 
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Table D1: Types of water pollutants and some of their effects.1
 
Pollutant Anthropogenic 
Sources 
Natural Sources 
 
General Effect 
 
Effect on Biota 
 
Effect on W
lies 
s filte
ms  
to tre
ove 
ater 
Supp
 
Heat 
 
 
 
 
 
 
Suspended solids 
 
 
 
 
 
 
 
 
 
Surfactants 
 
 
 
 
 
 
 
Biodegradable 
wastes 
 
 
 
 
 
 
 
 
Steel plants 
Cooling towers 
Power generation 
 
 
 
 
Quarrying 
Paper mills 
Run-off from roads 
 
 
 
 
 
 
 
Detergents 
Oils 
 
 
 
 
 
 
Domestic sewage 
Animal wastes 
from farms  
Food processing 
companies  
 
 
 
 
 
Unlikely 
 
 
 
 
 
 
Soil erosion  
Storms 
Floods  
 
 
 
 
 
 
 
Unlikely 
 
 
 
 
 
 
 
Run-off and 
seepage through 
the soil 
 
 
 
 
 
 
Decrease in 
concentration of 
dissolved dioxygen 
Increase in 
metabolism of 
living organisms 
 
An increase in 
turbidity and 
therefore a 
reduction in light 
penetration 
Discolours water 
Covering/ 
blanketing bottom 
after settling 
 
Formation of foams 
which could 
prevent oxygen 
and carbon dioxide 
exchange 
Changes surface 
tension of water 
 
Oxygen demand 
increases 
Provide food for 
organisms lower in 
the food chain 
 
 
 
 
Possible reduction 
in the ability to 
breed and growth 
rate 
 
 
 
Reduction in ability 
of plants to 
photosynthesize 
Clogging gills of 
fish 
Blanketing of 
bottom-living plants 
and animals 
 
 
Reduction in 
dissolved dioxygen 
Life cycle of some 
insects affected 
 
 
 
 
Can be useful to 
organisms as 
source of food  
If too much is 
present can reduce 
dioxygen to 
dangerous/ fatal 
levels 
 
None 
 
 
 
 
 
 
Block ring 
syste
Need at water 
to rem solids 
 
 
 
 
 
 
Interfere with 
treatment process 
May need extra 
treatment if 
particularly stable 
foams formed 
 
 
Will need extra 
treatment 
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Nitrates, 
phosphates and 
other possible plant 
nutrients 
 
 
 
 
 
Inorganic 
chemicals (e.g. 
acids, alkalis, salts) 
 
 
 
Toxic chemicals 
(e.g. heavy metals 
like mercury and 
lead, phenols, 
PCBs) 
 
 
 
Pathogenic 
bacteria and 
viruses 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Detergents 
Fertilizers 
Tanneries 
Intensive animal 
husbandry 
Ammonia-
containing 
industrial wastes  
 
Steel, chemicals 
and textile 
industries  
Coal and salt 
mining 
 
Detergents 
Pesticides 
Tanneries 
Pharmaceuticals 
Oil refineries 
 
 
 
Raw sewage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nitrogen cycle 
 
 
 
 
 
 
 
 
Naturally acid or 
alkaline rocks 
 
 
 
 
Rare 
 
 
 
 
 
 
 
Rare 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Excessive plant 
growth 
 
 
 
 
 
 
 
Raise or lower the 
pH 
 
 
 
Poison living 
organisms 
 
 
 
 
 
 
 
Bacteria can cause 
diseases  
Action of viruses 
uncertain 
 
 
 
 
 
 
 
 
 
 
 
 
 
Heavy demand on 
dissolved dioxygen 
 
 
 
 
 
 
 
Plants and animals 
can only tolerate a 
narrow range of pH 
 
 
Can cause death in 
animals and 
humans 
 
 
 
 
 
 
Can prove fatal 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Will need extra 
treatment 
 
 
 
 
 
 
 
Corrosion of 
equipment and 
pipes  
Silting 
 
Water cannot be 
used until levels of 
toxic materials are 
at acceptable 
levels 
May require 
extensive extra 
treatment 
 
Will need extra 
treatment 
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Table D2: Some environmental effects of some selected herbicides.1
 
Herbicide 
 
Propanil 
 
 
 
Chloroprophan 
 
 
 
 
 
Trifluralin 
 
 
 
Glyphosate 
 
 
 
2,4-D  
 
 
Sulfometuron-
methyl 
 
 
Atrazine 
 
 
 
Floumeturon 
 
 
 
Paraquat 
 
 
 
 
Birds 
 
Moderately toxic 
 
 
 
Non-toxic 
 
 
 
 
 
Non-toxic 
 
 
 
Slightly toxic 
 
 
 
Slightly to 
moderately toxic 
 
Practically non-
toxic 
 
 
Non-toxic 
 
 
 
Non-toxic 
 
 
 
Moderately toxic 
 
 
 
 
Fish 
 
Moderate to highly 
toxic  
 
 
Moderately toxic 
 
 
 
 
 
Very highly toxic 
(and to other 
aquatic species) 
 
Non-toxic 
 
 
 
Slightly to highly 
toxic 
 
Slightly toxic to 
adult fish 
 
 
Slightly 
 
 
 
Slightly 
 
 
 
Slightly to 
moderately toxic 
 
 
Bees 
 
Non-toxic 
 
 
 
Non-toxic 
 
 
 
 
 
Non-toxic 
 
 
 
Non-toxic 
 
 
 
Toxic 
 
 
 
 
 
 
Non-toxic 
 
 
 
Non-toxic 
 
 
 
Non-toxic 
 
 
 
Soil 
 
Moderate 
persistence 
 
 
Moderate 
persistence 
Strongly adsorbed 
on organic matter 
but not on soil 
 
Moderate 
persistence 
 
 
Moderate 
persistence 
Strongly adsorbed 
 
Low persistence 
 
 
Low persistence 
Not strongly 
adsorbed 
 
Highly persistent 
Not strongly 
adsorbed 
 
Highly persistent 
Poorly adsorbed 
 
 
Highly persistent 
Strongly adsorbed 
 
 
Water 
 
 
 
 
 
Leached out of soil 
with low organic 
content  
 
 
 
Low solubility  
Not readily leached 
 
 
Although soluble is 
not readily leached 
 
 
Has been detected in 
groundwater 
 
Slightly soluble 
therefore potential 
pollutant 
 
Moderately mobile in 
water 
Potential pollutant 
 
Moderately soluble 
therefore potential 
pollutant 
 
Very soluble in water 
but soil adsorption 
prevents water 
contamination  
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Table D3: Some environmental effects of some selected insecticides.1
 
 
Insecticides  
 
Permethrin  
 
 
 
 
Malathion  
 
 
 
 
Parathion 
 
 
 
 
Diazinon  
 
 
 
 
Carbaryl 
 
 
 
Diflubenzuron  
 
 
Fenoxycarb  
 
 
 
Hydramethylon  
 
 
 
 
 
 
Birds 
 
Non-toxic 
 
 
 
 
Moderately toxic 
 
 
 
 
Highly toxic  
 
 
 
 
Moderately toxic 
 
 
 
 
Non-toxic 
 
 
 
Non-toxic  
 
 
Practically non-
toxic  
 
 
Practically non-
toxic 
 
 
 
 
 
Fish  
 
Highly toxic 
 
 
 
 
Slightly to very 
toxic according to 
species 
 
 
Moderately toxic 
 
 
 
 
Highly toxic  
 
 
 
 
Moderately toxic 
 
 
 
Practically non-
toxic 
 
Non-toxic  
 
 
 
Slightly toxic 
 
 
 
 
 
Bees  
 
Extremely toxic 
 
 
 
 
Highly toxic  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Highly toxic 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
Soil  
 
Readily adsorbed 
by soils 
Moderate 
persistence 
 
Not readily 
adsorbed by soil.  
Low persistence 
 
 
Strongly adsorbed 
on soil  
Moderate 
persistence 
 
Low persistence 
 
 
 
 
Low persistence 
 
 
 
Low soil mobility. 
Low persistence 
 
Strongly adsorbed 
on soil 
Low persistence 
 
Strongly adsorbed 
by soil. Low soil 
mobility. Low soil 
persistence 
 
 
Water  
 
Very low solubility 
therefore no leaching  
Not found in 
groundwater 
 
Soluble and undergoes 
chemical reaction in 
water. 
Danger of leaching 
 
Undetectable in water 
within one week due to 
adsorption on sediments
 
  
Slight solubility therefore 
pollutes groundwater. 
 pH affects rate of 
decomposition  
 
Detected in run-off and 
groundwater.  Stability 
pH detected 
 
 
 
 
Not leached. The higher 
the pH the faster the 
decomposition 
 
Slightly soluble. Not very 
water mobile. Readily 
hydrolysed at high pH. 
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